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ABSTRACT 
Ar\ALYTICAL :\IODELI~C OF AK AtTTO[\():\10CS VEHICLE 
STOTIACE/TIETTIIEVAL SYSTEl\I 
Xii\() Cai 
::'J ()v(,lllhcl 30th. 2007 
)c l1(ollmhd vehide :-it orage I retrieval :-i)"stelll (AVS I HS) t(~dllll()l()g,' i:-i lda(iY(~h' IIC\\". 
It hil:-i 1 )('('11 i1 pplicd :-il1cu':-i:-ifl111)" ill :-i('\'('r"l Emopcall facilitic':-i ill EJ<)(l:-;. AVS In S i:-i 
;t flexihle :-i":-it('Tll th;)t i:-i ;1 ,"i"hlc ;llt(Tll;ttiy(' 10 itllt()]llil1('d :-i1()]"ili-'p/n'tri('Yid SY:-it('lll:-i 
IAS/HS). it traditiollal lllatpllallmlidlillg tedllJology tlwt IW:-i lW(,ll ill ('XiStCl]('(' for 
]J[()]'(' thctll lilt.\" ,·('ar:-i. 
Thele arc v(~l.\" fcw papClS ill the litclatmc tllilt f(J(,l1:-i Oll tliJ(' 11:-i(' of ,Illah"t iC'i111Ilod-
ds for (';~tilllatillf!, jHTfonmlu('c lllCaSmC:-i of AVS/RS. ]11 thi:-i tlJ('si:-i. qllC'l1illf!, lld.\YOlk 
I!WOl'\" i:-i ll:-i('d to 11lOdcl all AVS/HS S\"~;relll to allaly:w its ]H'lf()]1I1ClllC(,. Th(, lllilll-
nblC'tmillg SY:-itClll jWlfOlllWllCC nlJ(lJ~"z(,l (l\lPA) i:-i ,Ill 0])('11 Ijll(,llillg lldmnk ()Q~~) 
illlal)"ZiT hil:-ipd 011 rill' Pill'<1111dlic d(~«()]JIJl():-iitioli llictho<l. This "h(':~is llJodcJ:..; 111l' 
\VS/TIS ill](lll:-i(':-i 1\1PA to illli)lyzc the pClfOllW1.W'C of all AVS/nS ('olliigmalioll ,\ 
:-illllulatioll lllodel ha:-ipcl Oll di:-iclctc ('VCtlt:-i i:-i ,llso gell(~l'il tcd b," Pnnllocld to ,lllcl\\" 
('ulllpmisolJ of l\1PA rcslllt:-i with those of sillllllatioll. 
;\ \\-(,j, illterfacc f01 cOllC'cptwllizillg AVS In Saud AS Ins d( ':-iigus i:-i jllC'S('ut ('d III 
hie, tl1(':-ii;". T111:-i Oll-Jill(, tool pj()\'id(~:-i a ('()ll\'(,lli('llt illld h'iclldh- illt(,1LI('(' 1)('1m'(,11 
,'I ill ('11(l11:-i(' dc~;igllcr~; iI.lId til(' illliddic;d lllOdd t (lol. Four (',I:-i(' :-it lli lit's ()f ,dgmi t.lllllS 
';Illhcdded ill the \\Th illi('1b(('(~ im' l11C:-ielltcd ill tlll~ thpsi:-i. 
.\11 illiriid will"('llolls(' desigll is lilst illIilly/,:(·d hI' \11'.\ .\fi(·l" tllis. s(TI'lal illl]llm-('-
'lll'lltS of Illis initial dl~sigll ;\1(' ('\idllatcd. i':xpcrilllcllt,.t.l ]('sI111s iI!(' jllm-id('d 10 sll()\\-
'Iult tl\(' oq:\ ll]('tllo<iol()gy (ill I 1)(' illlpli('r1 dfl'Ctiydy t(l illlitlY/,:I' all .\YS/I~S \dWll 
,·l·llidl' 1l1ilit:iltio]1 is 1)('lm~(,ll (iO% awl ts,G(/(,. \iPA is ;1 het!('1 (iloill' tllilll silllllbti()]I 
',(1 qniddY ('Yidllilf(' illtl'l"w\t(' cOlJiignlillim] of till' ;\VS/HS. 
AdditiOlI,dh-, (.\\'(I lJlOl'(' eXjlerilll('lIts ,In' cOlldllcted tll COllljlill'l' \JPA \\'itll illl()ti[('1' 
\Vs/ns ~i\'sll'ltl l)('lim]Wlll(,(, il]I(lInl'l. I\IPA llmdl'is AYS/HS 1111<1l,] tIll' t ilT-cilptin' 
"olliigll],<ltiorL \\'1)(:]'(:a:; the otllC], lIJudd aSSlllJ[(,c, tl)(' tilT-to-ticl" «Ililig',lriitioll, 
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lol. A utOllOlllOllS Vehicl<' Storage/ Retrieval Systellls (AVS /RS) 
1.1.1. COlllPonents of AVS/RS 
'I'll(' lWlil1 (·(J111]J0lH'llt:.; ()j" III(' AVS/HS ,11"(': ,11i!(JII(JlJHl11S \·('llici('s. lifts. alld a S\"st('1tL 
(d Jails t hat facilitate 1l10\"('lIWllt of tIl(' \"(,hic]r.s. 1'1](':';1' ,11(' illlls'! Jat cd ill Figm(' 1.1. 
I"igllll' 1.1. AlltIlIJ()Il1()\IS \"('hid(' illid lilt 
1.1.2. AVS/RS Configurations 
- :\\S/It ..; wilh ti(']-to-t.i('l \'('jli('k" 
- ;\ VS/HS \\il.ll t in-(';lpti\(' \'l,lticl('" 
IlJ ill(' I'()nll('l ('()Ltlil!,lllat.i()lL ; \Ill ()[l())Ll()ll~ \'ciJiC/('s pill; Hi> p;t/I('1 ShOll] ill-hol1l1d 
11lcks alld III()\'(' alo11,". r;lils to d('j)()sit. 1/1('111 ill tlwil d('sil!,!I<lI.l'd SI()]";lg
" 
racks, If Ill(' 
,I('sigllilt.('d l;wk is ill dllolll<'lli('], III(' \(,lticlc ill1(']fac('s \\'1111 iI lift 10 [(';wl! 111;11 li('] 
dud agaill l1s('s lails \\'it hiu thaI I i('] I () I ul\'(,1 ill tlU' ilish's to ](,;wll 11](' d('"ll!,lIdt('d 
~I olage spac(', Tl)(' OJ )('rati()u" m(' ]'('\'('1S('<I for a 1'('\li('\'<11 "l<lllSacl iOIL 
/\Y~;/n:-; witll ti(,l-(ilpliw whick" OIWl<1t('S di[f(']('llth' \\11<']] 11](' dcsigllal('d lack 
IS ill .(IIP! 1]1'1 : iCL 'I'll(' \'('lJidl' ()]I t.lw gl(llllld 110m 1l1lIo<1t!s iI p;dl('1 ill hOlll ()[ 1))(' li!'l, 
.1I1d 111i' lif! \;1[.;I'S 11](' pall('1 to Ill(' <1('si)2)](1.I('<I tiCL 'I'll\' ;1l11()Jl(1111()11~ \(,hick ()II Ilml 
til'! Llh,s tl](' p;dkt fnnll tIl<' lift lmtfcl ,111(1 IldYI'1s 10 ill<' assi;llwd sl()] <ll',<' "P;W(', 
1.2. A simple AVSjRS system 
1. 2.1. Description of the simple system 
,\ Silllpl('\VS/HS with ti('l-c'(\.pli\'(· ndlidc.s i~ p]'('sC'lltcd ill Fi)..',lll<' Ll. This S\'st.('lll 
('illi 1)(' diyidcd iul() fOllr ('(,lIs iluordillg 10 dili('l'I'ut fllll('li()ud an ',]:-;: r('c('i\'llli-', Cl],(',1 
1 Cell 1), lift hallk (Cell 2). shippilli-', al(';1 (Cdl J) alld stm,lg" ;111('(1 (Cell I), 
P;1l1cls ('ont;lillillg rliIJ'erclit types ()f' p]'()dll<:I~; dlTi\'(' ;II II\(' ]'('('('i\'illg arC';1 n~i1d,\' 
10 1)(' st ()]ed at their de:-;igllated st mage SP,\('I~S hy the AV S/H S, Pallet mri\'cll rate:-; 
wmalh m(' dc'snii)cc\ h\' (\ p]'oh<lhility distrihutioll of the 1I1l1111)(']' of ,llTiy(\b ill ,Ill 
iut('lT;ll oi tillie, The\' ill'(' tak('ll Ly dvailc)Llc illltOll(llLlOn~ 'il'liiclcs ill t jJ(' l'('C'I'lVllIg 
area (Cdl 1) to lil't h,mk (Cdl 2), If HO \'(~hicl(' is ilvailahll', ]l,lllc'ls \\'ilil ill ;1 ((11('111' 
;\1 tIl(' l('c('iyillg hntr('l' Oll tli(' gnl1l11d 1('\'('1. They m(' tLlll:.;pmtl.'d hy y('jliclcs Oil til<' 
g]()lllld 1('\'(,1 to th" lif! hiUlk alld deposited ill flOllt of tIl<' lift h,lllk (C<'112). If 110 lift 
is <lyailahl(" pallets \\'ilit ill a qlW1W Om:(' a lift hCCOlll<'S m'clilable, the \\'<litillg pallet 
is Llk(,ll to the desiglJated tier (,dll). i\ll il.ut.OllOlUOliS H'llid(' tilk(,:-, the p;dlct to 
1][(' d(~sigllid('d :-,tOlilf',(' P()SitiOll dct('l'lllillCd hI' i!c;tOl;IJ',(' pl)licY, If llli'11' is IH! \chide' 
;\\,(liLlhlc, t hc pC111<'t 11;)S to ,Yilir ill the lmfi('l' ;m'a in tbilt ticl. Figlll<' 1.1 ilhlst.l'ah':-, 
: 1](' stmage PH)('t'SS il: this Sl'stelli. The lctli('y;d jllOC('SS is (\ I ('wrs(' mel!'l of t ltes(' 
I '\'(~lltS, 
1.2.2. Queuing network theory 
[bscd (!ll tIl(' Sin j))()('C':-;S of this silllpl(~ AVS/RS, it is lcasOlwhlc 10 tn'dt tlii:-; :-;\"St(,111 
IS a qll(,lliug llcl\nllk. qllcllillf', network 11lOdds al(, p()\\"(Tflll toob ill ('S(illldtiug key 
P(T!(lrlWUl(,C' lllC;l·~,llr<':-; of dis(TC'tc ('\(,llt, lllllltl:.;tage S(Tyj(,(, :-;\,,-;1 ('lllS IJif['('lT1l1 types of' 
,'ll:-;tOllH'l'S aniyillg fnJlll thC' olltsid(' \\'mld ('ukr the :-;YSI('111 t() ('()lllpld(' s('n'ral :-;t;)i-',cs 
()f scn·icc. awl tl]('11 lCilY(' thc syst(,lIl. The lllai1l COlll]lOlJ('llh of ;1 qlH~llillg lJ('twmk 
Peceiving Area 






Figure L~. n('prcs('lltatioll of illl A\'SjI\S \\itlJ tlm'(' ti('!:) 
ill til(' litc]atmc - Closed Queuillg :\I,t\\'ork (cql'\), OpCll QIH'llillg ;\I'hm]'k (()Q"~), 
dlld SCllli- OPI'll Qucllillg ;\ ctwOl'k (SOQ\), 
The C (2:\ hilS iI ]H)]11l1Mioll ('ollst1'ai Ilt illl( I illl plici tly a:-; ~ 1ll\l('S t he],e (ln' i Ilfilli tc 
l'llStOlllC1'S .illst ol1tside the llet\\'Olk. Thc populatioll COlJst1(\i1l1 is ellforced h\' lUll111g 
(,(Ich ill(,()]llill.g cllsi ()]Il(']" "'ilh a limited llllltlbcl of il1l01lW] ]e~:()\ll('(', slldl dS a u'hidc, 
\\'hi('h sl.a\·s \yi t.l1 the (,llstOllH'1' Hlltil ill!' last st agl' of scnic(' is (,IllJljlletcd. \Ylll'll 
I j II' (,llsttllJlCl" leay( 'S the SYStl'llJ. 1 he ]CSOI]J('(' rctllnlS to tIll' 1 Wgillllillg ()f till' J \1'1 \\urk 
rC(1I1y to 1)(' pai1'cd with a l\('\\' l'llStOlllCr. TlI(' lllUlll)(,l of 11'~,{)1ll(,(,,, i" fiuil I' elms 
l'llj{J],Clllg Ill(' pOj)llLlti:Oll ('ollstnlillt ill ;1 ('(21'\. 
III OQ:\, ('l1St·OllH']S aniyillg frOll! the ollt:'iidl' l('ccil(, sl'ni('(' ilt 11l1lllipll' SLlgI'S of 
,;(']'\"('1'S, (llld tlwlI dl'pilt! hOll! th(' S\'st('ll!, TIll' OQ.\" illlplicit h· (ISS1llIH'S tl](,11' is illl 
illJilllt I' 1l111111lCl' of t hcs!' addit lOlI,d ],(,,,()ll],C(,S :'i() 1 hat (Ill ilni\'illg (,ll:-itollll'r 1l1'11'1' hilS 
1 () \Yilit ill t 11(' ('xt('nl<ll qll(,llC'. 
SOQ;\. Illl tl)(' othC1 hawl, llJodcls tIll' lllOlC realisti(' SC('Wllio, Idlell' a CllstOllll'l 
]lIrlY han' til wait for till' j'('S()1U('(' or \'iCI'-\Tr~:a and plOyidl's l)('tl(,1 ('stiltl;]tl's Ill' totill 
('Ide tillll' alld \YOlk-ill-jlrocess (\YIP) iIIH'lltOl'\' (Srilli\-(ISilli illl<1 HI'lilgll r:20()7i). 
To {\Jl]>l\. qucuing llcl\m]k thcOlI' to (Ill AVS/HS, the ]>,1I1els al(' tn'atl'd i\S ('us-
'Ollll'l'S, iIlld the ailtOlIOlllOllS \'I'hidl's (IJld lifts (1.]'(' 1l1(Hldl'd (I~, sen'ITS ill 11](' (PlI'Uillg 
lI'twOlk, LkcdllSC vdJid(~s and lifts ar(' f;('l'\'(~I'S, ,Iud SI'I'\'icl' lilW'S dn' tT(lWI tilll(:s oi 
lll's(' dC\'jc('s, pallets t)(~l'd nil l'I'sou]'('e to '"Inln{ ))('(\\'1'1'11 tlll'SI' s('nl']s. ;\:-; il If'slllt, 
iiI' oq::\ is suitall]c fm Ihis AVS/HS. 
Tl]('1<' all' lllilll\' ()q~ elll(]hZI'lS ill t lll' literal Illl', such ilS till' \\Tll-lmo\\'ll qlll'llillg 
~('hm]k :\lliilyzl'l ((21\;\), illld .\Llllllfaclmillg Pl'rfOllllil]j('I' ,-\wllyz('l' (,\11).\'1 . .\[P.\ 
'Ollsiil('1S ll1ll1]('l'imS n'ed-world factors dud p]'I)\'idl's H'aS()]lahh' il('('llLljl' ('sl illlatl's oj' 
PI'l'ttlllllilW'(' IJl('a~i11n':-i. 
1.:3. Background discussioll 
III tlj(' pH'\'iom, ~;('dl(JII, it is llll'llti()\\('d that AVSjnS i,; all illtl'm;)ti\I' t() ;\S/HS, 
ill this sl'lti()IL a ('lllllpil.lisOIl l)('t\\'(,I'1l ,\Vs/rtS illld AS/US is PH'S(,ltll'd t() llll]ie;)tT 
;t.lh'illJtagl's (If tIll' AVS/nS, 
I{ ill 111ll1WW11S ilppJi('il-
I i()l1", ;\llit()ll)!,h .I\~/HS h'dlll()]O)!,\' bits 1)('1'11 \\'1,11 dl'\'I'I()pI'd i\lld it I all il('liil'\'!' lIil',h 
ItJl(l11g1Ijlllt illid fa,,!. ],('SP()Il"I' tilllCS ill lllilU\ llwtl']'ial h,llHhllg <tppli(',l1 iOIlS, it i" i\ 
"n\' rigid dl'.'iigll ,Illd ("l.llllot I'il.'ii[\' ill]il!>!! tl) LIpid dlilllgl'.'i CI1l'()1ll1tl'l'I'd ill willdl(}IL'iI' 
'lj)('nll iOll", ,\s a 11':-;1111. altclllilti\c tCdlllOlogil's, "l1cli ilS ,\\'S/I{S, 11,1\1' IlI'I'1I 011'\1'1-
()]wd ,llJd illlp]I'IllI'lltl'd, '1'1\1' :\Vs/ns 11,1" II1illl\lIh,itllt;lgl'" \\'I}I'lI (OllljlillCd \\ :tlt ,\ll 
\;-;/HS TIlI'"I' illcl11ilc fll'xihilih' aud lllodllliuiziltilllL i\lld dl(' Illl'SI'lltl'd lll'xt, 
L.3.1. Flexibility 
TIll' diffl'lI'llt I()dd 1I111\'CIIl<'ltt pilt tITII" lIIid,I' ,\V~~/HS 1111IJi' 111'\il)II' t 11,111 ;\S/I{~"; III 
\S/I{S, ai,,]1' ('aplin' ('];I11I'S ,I.\(' tIl(' 1II,Iill s/n ill'\i('l's t·11 nlll\'I' Ililit IOilds Silll1JiLI-
l('()]I"ly ill IIJ(' b'.lrj/~()]lLtl illid \Tll.ie;)1 dill]I'UC;jlJlIS, 1~('I'iIWil' tIll' ('LlllI'c- ;Il!' l\'pil'dil\' 
,Iisle-I'apt!\'(" ",,!twll 11](',111 that it ('['all1' IWldlllll' ('illl ()Llh' tril\'l'l (Ill tIll' IkS!glJ('d ais11, 
\\'1' 1l1'I'd II 1 (J]I , ('\';IIIIIS 1)('1 ili,,)I' allil (hi" ('o\lld 11',11] t() ]()W lit i]iJ:atillll of Illilll']'iit\ Lall-
,lIill)!, <l1'\il'l's, lTlllikl' ')tl)lil)!,C ('];mcs ill ;\S/HS, AVS/nS \,(,ltic]I'C: lil.ll ill'('I'SS il11\' ilis]I' 
III ;IIIY Iii'!' ill tl\(' tiel-til-tic]' (,IIlJiigll],;lt.i()][ illld illlY ili"]I'II] il dl'si:-',!liltl'd ti'T ill tl](' 
t iIT-I',lptiYI' ('oldi,l';llJ'ittimJ. Tk(,dllSI' ilddi.tiOlI;il illlt.OlIOlIlO1IS I'l'!li(']I'" illlll lift" ('illl 1)(, 
,<idi,t! ()j l'l'Uim'C,<I ill 1111' AYS/l\S illid \'I'hidl'~; m:' !lot il"C:li~]jI'd <til ;111\' ,'iI)('('ifJ< ;liS[I', i\ 
il()tl'1Ir1ili\dv;1l1t:1!~(' of :\Y~/HS (1IlIIjlill('d :\~~/I\:-': is t 1)(' f]exihiht\, 1 () Sill ish' di1+('1I'lIt 
!!)]1 I i.('it t i()] j [rq llin'llWll h 
(j 
1.:3.2. Modularization 
T]I(' s(,('()lld a(l\'i1IlLlgl' of AVS/HS is 11I1)(111];.llizatiOll. 13('(',II1S(' n;lII('S ('(Jlllpl('\(' all 
~)/I: (lj)('];11 iOlls ilJ "'\S/HS, il is Iimd () Illll<iiry \ jJ(' ~\,~\('III «()ldi,L~\IIati()Il, .\ s1Il(111 
l'iJ;lllI-',C' III :\S/HS II'ads t() ('()sl1\' 1I'<\I'siI-',11 ()f till' I'lilin' S\'SII'III ill lllilll\' ilppii('atiolls, 
I )11 I Ii(, ()\iH'i 11;\I\(1, .\VS/I\S is ltil-',Itly 11\()<iltial Uilll'n'lll 11111(1 illtl;l] ;\'11'a~i Cilll 1)(, 
]'('-<l('Siglll'd c'asih' aud h;I\'I' lllillillm] illlP;lcI 011 ()tlil'] (I]'('as, Fm ('xillJlj1II', 11)(' Illllll]JI'I 
jlilliUll<'tC1S (,()]lsLllll, Silllilarl\' \l'ili('ics Illil\' ])(' addl'd I)] j('Il\()\'I'd 1';lsi1\' <l1'])('lHlilll', 
11])(lll till' 1 III Ol l!"hp1t1 1I'qlli]'('JlI('1l1.S. 
L.3.:3. Dispatching transactions rules 
\S/US, li'flic'\;t\l];lllsa('t i()llS fOllll illdi\'i<lllal ql](,lll'S ill diJ/('I'I'lil ",llll'ill~c' <lisll'o-, I I ()\\'" 
JlI' st()](lgl' poli(y dud S\'SII'III «()llligmilti()11 (\Ltllllhmg 2()(J2j), III ('()1I1jl'lllSIlll. ;\11 
]'c'l ri(,\"tl t lilIIS;I('I.ilJllS ill a sillgl(' (jill 'Ill , 111;1\' I'wlbl(' ;\ VS/I{ S\'slrllIS j() ;wllil'\'!' l1igl1l') 
ll]()jlOltiOIl Ilr S/I{ ('\'('I('s 11Silll-', dHid (,Oll1l1Ial1ils (\lahllhmg alld .\]\;ISS;I11 [J <)1)t'1) , TlIis 
;1.IIO\\'s Ihe ,\VS/HS I()])(' l'il.Sit\, ('xp;\llllc<l ()) ('Olllli\('I('d dl']H'tlIilillg ll])(lll IhllHlgllpllt 
';VSt('I\I~ 11('(illISI' ~;/I\ 11ilIlS;1('\i()IIS ill iI hiS! «()]ll(' lllst SI'ITI' (F('FS) (1111'll1' 111:1\' l1SI' 
I(w;ttiolls Illi difl!'l I'llt s\(llagl' hITS, ,\'hidl 1111'il1IS sin \'('1lil'ks lll;l\, Ltl~I' ,I ]()Il.l',I'l ti1lH' 
i() ('IJltlpll'il' the sin tl'<lllS(lCtiOIli'i, 
-
I 
1.::L4. JVlain contributions 
TIl(' 111<lill ('mltliilllt i,()]lS of I ilis t 1l('c;is ;11(': 
~ ;\pplic,lI iOll of an I'xistilll', OpCll <Jl](,llill~~ llel\\'I»)]; allal\'zl'l 10 Ill()d('] a Irlilli\'('I\' 111'\\' 
111;11 (']ial llillldliJlg 1 ('dlll()jog\', 
Ikn'I()]lIIl<'lIt ()f ,I \\('I)sill' 1'1111)1'<\11<-<1 \\itli pn'\'iOllSh' dl'\'(']I)I)('d ,111;iI\'1 i('iil to()]", t 11;11 
,dlm\' ;1 d(',c;igWT to ('(>lllpan' ;llli'nuill' ('IJliligl)lati()l1S ()I L\~/]{S and ;\YS/H~, 
L.:~.5. Thesis Organization 
ill (,Impt!'):! tIl(' lillTat 11)1' Oil simulatioll alld illl,\,\'\i('alIlH)(II'I." of ,\S/nS is H'\'il'\\'I'd, 
:ll CllaptIT:\' ill I ()\'I'I\'il'\\' 01 \11',\, and ill Cllilpt(']' I :1.1l ()\('nil'\\' ()IIIII' 1'j()ltlI)(kl 
~;illIlJlat.i()ll ('()dl' gl'IJ(T;Il('d aut.()l1lal i(',dl\' ;1.)'1' P)I'SI'IIl<'d, III ('hapl('] :), tIll' ,IVl'li(,dl i()11 
()l \11):\ til till' AYS/I{S is ,lllid\zed, A \\'cl> illtcri;l('I' dl'\('lopI'd 1m \Ic;illg ,Iliiildi('ill 
IIIOd!'1s t(1 illl;iI\'/~(' ,\vs/ns alld :\s/ns Iksii~IIS is 1)]('S('l1ll'lI ill Chapll'l (j, 1'::'1)(,1-
illJl'lltal lI'sldts illld a ('I)lllparisOll or \fPl\'S l)('rl(11l1 li\.l 1('1' \\'ill! (Iut! Id' iI SilllllLlliol1 
!11I)(lej il]'(' ]In'SI'llh'd ill Clmp!l,) 7' ,doug \\'itlt;1 1'()llljlillis()1l 1)(1\\'1'1'11 \1]',\ all<l ,lu()tlwl 
:111;\]Yt i(',Ii IIJ()dI'L C(Jlll'illsiollS al'l' <IUI\\'II ill ('hapl 1'1 ~, 
('HAPTEn ,) 
LITERATURE REVIEVv 
TI)(,j(' an' \'I'IT fl'\\' pa])(TS Oil ,\VS/HS 1)('('allsl' it is il ](,Iaiin,l\' 1)(,\\' lllilkriill 
'Iillldlillg il,('hll()]()gY, :,Ldlllhorg [:2()()21 devd()]>cd a collc('pil1alizai illll t()o] f()] ;\Vs/ns 
IIlI! Fllkmlini d a1. i2()() Ii dis(,lIsscd dwcll pOlul iSSllC~ of ;\\'s/ns ill d<'lail 1)\ lIS111g 
()n III(' IltlH'l h,md, ;\s/ns ]I,IS 1)('1'11 ill HS(, I'm tl1(' ]>iI~;t rhiLl\' \'I'ilJ~ ,Ill<l 111111)('1-
IJ1lS ll)()(kls han' ]WCll d('\'I'I()]>('d, \'mi()11S sililldali()ll 111()dds ()f ,\s/ns ('xisl ill tIll' 
il(T;d Ill'1' Till's(' s( ndics (,Ulll[J,lJT dilfcl'('1l1 ~;t IHelgl' p()li(il's 1m iI gi\'('u S\'SII'111 C()]l-
ignl'i\.(.iIJli ,\dditlOll,dl\', \';ni()ll~ ;lllillytiC',d 1H,J(kl~ tIl I'slillwt(' lli(' C()st III all AS/HS 
\;1\'(' hl'('l! pmp(),-;('d, OllC!: i111 AS/I{S Ims ])('1'11 illslIll11'(1, lit" ]l('lflJl'llliIIWI' of till' ('11-
~il(, SYSt.('I11 d('j)('lld~, Oll COld ml l1[('t]lIld~ iI]lplil'd t () t]1(' ,-;\'St.Clll, TIll' eOllt wI lll('rilllrl" 
;uclwl(' SI()lilg(' lIl1'tlj()d, order SI'(jlH'lll'illg, ;\llil I1m'll ]l()illts 1)1 ~;/l~ lilaeliill(,s, 
2,1. Simulation models 
Yari()lls sillllliat iOll lll()d('ls of AS In S\'st('t liS ('xis! i 11 t 11(' Ii II'1al 1 ll(', TII('S( stl1dil'~ 
2.1.1. Sizing problem 
rIll' sizing plOhll~lll ()f \\(1n'liolls(' d('sigll is a (,()jllhillCd plOilll'llL wliieh is 1';I11S(,<I Hot 
(JlIl\' bv illtITwllla\'0l11s or stmagl' poliei('s hut IllilI1\' Ot]]I'] LlIl()]s, Hos('nhlatt illld 
Ho]] ilDXl]lllPS(,lIt!'d;1 c()]lll)iIlCd ,1]>P1O;\('11 1)1 optimizalie'll tl'clilli<ill!'~ 10 c\1'l(Tlllilll' 
t i}l' t()t al cost of \V,m'liolls!' sizing wit 11 t \\~() dccisioll Y(\liahl, 'S: \\'(\ 1'(']11 )\lSI' ('il pi wi 1\' and 
Sl!)LI)',{' p()lin', All ('xl ('llsioll of this work j)(lS 1>('('11 cl()I}I' ill \{()s('1Ih1al1 ;1]lIl 1~()11 [(lXXI, 
~\ Silll1llatioll llH)(it'l \\',IS d('\'dop('d 10 ltl(,(IS11](' tIl(' Iditti(lm;hip \)('tm'('11 \\',lJ('ll()u:,c 
,;ize awl \'alious j)('rtilJ('lll pmmll<'1el:-', TIl(' st()dl(l.sti(' IIdt\ll'(' ()f 111(' d(,IWllld awl 
]'('pl('llisllll}(,llt n'(juil'('s llS I() dctel'lllilw tl}(' \\'a]('holls(' citp,l(iiY h\' llw d('sin'd scn'i('e 
I('wl. TIl(' d('siICr! s(,l\'ic(' I('\'(~I illdicit1('s tIl(' proportiO]) ()f lillI(' III(' \\'ilt('h()uSi' i-; ilhl(' 
to -;;ttish' 11((' d('l11ill}(1 hmu st()ck, ~\II()tll('r (CIIll ill til(' I:(),;i'llhLttt alld I~()ll fJ<)1\1\1 
pilj)('l is til(' llOlllillid ('apa('ih l('(jllilClIl('lIt (\CT\). whicll rd'(,]s to tIl(' ,1\ i'LI,[',1 , e;ii(' ()j 
a Wil]'('h()lIS(' Cilklllilt('d hilSI~d Oll tIl(' il\,iTil,[',(' (jllilllt ih' of i adl ill'lll. HOS(,llhLd 1 dlld 
noll i 1 DNN I poillted ou t t Imt a \Vi\lChOllS(' \\'itlt all \' C I ~ ('i Ipiwi I \. will pw\'idc Oll h' it 
;lOll scn'i('(' lev('l. Tlwlc alc \,;t]'ious jlill'illlli'tels 11](\1 11;I\,i' ,III ('Ik('\ Ill! 11](' Wdli,hiJ1ISC' 
size' fm a gi\TlI s('I\'il'(' l('\d. Th('s(' m'['(' studied millg it SilllllLtt i()1l III()(I('L :\[lllti-ilisi(' 
~.;/n Iwwilill(' S\',it('lIl (:\1ASS) \\'iIS sludii'd hI' IImlllg ,111(1 [«() ~ 1<)1\1\] I() l('du(,I' 1 Ill(' 
illitial ill\TSIllli'lll of ilJslallill,l!, all AS/I{ S\'St('111. 'I'll(' lI11ilti-dis\(' S\',-;II'111 (',III )('dw'(' 
III(' ill-;tallatiolJ cost dnl]IIi1li(';t!h' II) hillf the ('OS 1 oj' sillgh'-aisk Sin ]lIildlil](' SYst(,]11 
ilS lOllg ,IS 11w S/]{ d('mallds ,tn' Id,t1i\'i'l\' Im\. 
('hoi ,111<1 Shill i1iJi)7j d('snil)('d ;1 paillt h()d~' sl()]il)''( (f'BSI at illl i1111(lllIOiJiil' 
,lss('Jllbly plant as illll\S/HS to ]('-S('<11](,11('(' whicks f()J i'lIt'\' ltlill [illid il:--s('ll1hl\ The 
l'xt(,lISiOll work of tIl(' ,I,pplic,l1i()l1 of :\S/I\S ill il1ltOlll()t in' ilS~('lllhll S('<11\('1](,('S Itas 
)('('11 dOll(' hI' llllllilJI i:2()O;{j. As lIJ('llli()]]('d. lIJall\' imtlllllot in' ilc;S('llliJl\' plilll1:-) 1IS(' ,Ill 
\S/HS tIl "dillS! th' ,\c;s(,lI1IJlv :'wqll('lI«, l)('fo](' fillil] ilSS('] 111>1,\" ~~(Il11(' plilllm" dJi\('lS 
'it tile A~;/l{:-;'-ii:l,i' ,11e the d('gn~(' of S('<11](,1)('1' snillllhlilig ill hl)(h ill1d pilllli sl)()p~. 
,It(' Illllllhn ofy('hi('ie cOllfigllnlt.iolls eJltering fill;t! cISSI'lllhl\', illlll ('d('l! 1'()]lfigl:nltl f lll':-; 
!)1'J]('tTalioJL hlllJilIJ i:2()():)] pn's('llt('d all ilwddical nl()(kl fin :,izilll-', this p()c:t-j>aillt 
\s/ns b\' «()llsi(kliJlg tll('s(' 1ll('llt i()]l('d factllrs, 
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2.1.2. Deadlock problem 
'\ larf',(' 1111111IH'r of stwlics have' discllssed clas~ical opcrat.iollal )lmhlelllS sllch as dwell 
]JOilltS, ('XI H'ctcd cyd('- tillle lllodeis ,llld optilllizillf', tnlllS) )()]t (')" OP( 'latiolls (Berf', aw 1 
GiLdcllldll1l [:2()OO]), How('wl", 111('1\' ilH' ldaliwlv Y(TV fcw jlil]H'ICi ill j]w lih'l<dlll(' 
d('illill).', wit h operat jOllal ('Ollt mUcl t.aCiks slleil as avoidillg \dlide d('<ldlock" ill tl[(' 
.\ :-;/ I {.~, ])ead lock ill lll,UlllfadmillL', s\'st.eIlIS is hi).',hly ullfmorahl(' I )('("allse il part.' Ci 
;)'C("('SS to j('S01ll'CCS is held lip hy ot hCI palt.s, Olle method of dl'adlock resol11tioll 
is to abort 0111' or lll()n~ parts iuvolvcd ill the deadlock aud rckasiuf', l'('S011)'('es t.o 
oth(~r palts (Fallti d al. [10!J7]), Tlt(~ (l)lpl'Oaches to address deadlocks arc pH'\eutiou 
llll'thods, d('t,('cj.joll/r(,C()V(TY appnHdwCi awl ,l\'oidallc(' al).',mit.llIIICi, 
L('(~ ('t ilL [I<)<)(j] discussed a deadlock plOhll~lll ill il W I.lT 0\\' aisle A~/I{~ Sl']Ti('('d 1,\ 
nlil-gnid(,d \'('hid(~s, TIJl'y sojved tIl(' deadlock ]l]'()I)lclll b\' iIICH'asill).', C(Jll\'('\'m ('apij('-
it.\' ill th(' silllUlatiOll lllodl'!. which is a deadlock ddect iOIl/rIT()\'(,]T (DUB) llleUlOd, 
Ill)\\,(~v(~L t he' sollltiou of deadlock prolJ]('ItlS Iwd llot I)(,(~ll forllmlly d(~s(Til)('(L III onl('r 
to dlaraderiz(' tll(' deadlock ill tIl(' AS/nS COlTCdk a lllodd should 1)(' ('st.ahlislwd, 
I )ut.oli il1ld Faut i !2(H);,i sugges(.(,d it Illliii<d llloddiug lrculH'wmk for the ltd('](),l!,(,]ll'OllS 
.\:-;/I~~ tlillls]>mt S\'stCill hy llSillg col()led tillled P('t.ri Hets (CTP.\J:-;). The CTP~ (illl 
dl'sni 1)(' the d~'ll<llllic hehavior of t 1](' SYstelll, which is lllod ular (\lH 11< 'S()1 In '('-mi('ll t( 'd, 
"~~Jth(J11f',lt tIl(' CTPI\ is res()1llc(~-ori"llted aud sllitahle t.o 11S(' ill ()1)('liltiollall('v('L it is 
il)() c()lllplex fur dlaracl (Tizillg the deadlock ilnd ddilllUg ('fIi(i(~I)(,\' resolutioll p()lici(~s 
jm j\~~/H S\stellls, f)()(oli alld Fallti [2()()7] P]('S('lI('<1 (licir (~xt(,lldcd \nlrk of dl'ildlock 
dl't I 'clioll alld avoidilllC(' stla!.c'f',ics iu AS /H systellls, 'I'll(' AS /n S i:-. llll)( 1('1('<1 as il 
illlCd disnd(' (,V(,llt dntalllical S\':,tCIll (DED~), ill wllidl t.ite illfmlllatioll of pat 11;-: 
.lIHj j,)cati()lls of \·'(']lidl'S is stored III tll(' stat{', The stat.(' Cilll be dlilll!2.cd \\,)](,1]('\'(']' 
,iii {'VCllt O('('iUS, This dlalactcrizatioll call he llsell ill the iHlidysis of dcadlo(ls ill t 1[(' 
II 
J),)\oli ct a1. :2()O~1] C'olllpcuccl two cliifcr(,llt real-time cieadlc)('k solntioll strategies 
j'()]' the AS / H S: a deadlock avoidance strilteg)' and a deadlock ddn:tiou/ rpcovc'lY 
~;tlilt('g,v, Tlte deadlo('k ilyoiclallcc srrategy v\'as proposed bv F<Illti [2()02] to gll(\ICllltC(' 
;\11 dfi('i('llt SYstClll pcrformance llsillg a DEDS alHI digraph took The DDn Stl(\t('g\' 
"vas proposed hv Lee ct (]1. [19~)G] to solve' tl}(~ deadlock prohleltl by utilizillg buff('rs 
i.() ~:t()r(' cleacll()('k(~d jobs, 
2.1.3. n·avel-time models 
The servin' tillW for ,I tr<l.llS;ldioll illclndcs both SiR lll(]chiIW travel time alld pick-
np/deposit tillle. The pidmp/depo:-;it tiltle is assmncd to be dctc]']uillistic due to the 
lmtnn~ of thl' sin ltlachillC'. The travel time is variable awl is thus wwfnl in lIlCH-
snring illlPortallt pC'rfOl'lllall(,c llleasures of AS/nS. for (~xatllple tlmmghput tillles. 
;,'m si llglc' slm It Ie AS /n S. S/H llliV:hillCC; C<IU pCrfOl'lll up to ow' sr.magc illld one rc '-
'liC'Yell ojl(,l'atioll ilS () (hwl ('()]IllWllld cvcle (DC). HO\n~wl. ill lllnrti-shut tIe AS/HS 
\\'itll two llllit loads, tlll' Sin lllachi!l(, ('an perforlll up to two s/n opcrations 111 ,I 
('yc Ie as a quadrnplc COlIllIlcUHi c)'clc (QC). Potn: et al. [2()04] pn'c;",ut(~d a :-;illlulatioll 
lllociel of nmlti-:-;lmtt Ie AS In S by using a llew heuristic st rategv instead of FeF3 
"trate!!,y ill single-slmttlC' AS /H S. This slnmlatioll lllodel indicates that llllliti-slmttl(' 
',\S/RS has Imge iltljllOVCIW'llts ill travel tillle when ('()lupancd with siugl('-sllllt.t Ie 
~s/ns. Hn d a1. [2()()!)] ]ln~:-;(~lltcd a coutinuolls tnwcl-tilllC lllode] fOJ a !lew typ<' of 
t\S/HS. split-platforlll AS/HS (SP-AS/HS). By iuhociuciug illlew SiR IllCChalllSlll for 
'lallcllillg cxtra hcavy loads efficielltlv. th(' sP-As/ns shnws improved Sin lWl.chiuc 
·.rav(~l- tillles. 
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2.2. Analytical models 
AdditiOlmll~', vanOllS analytical lllodels to estimate the cost of an AS IRS hilW' 
beell pruposed. Ollce <111 AS / RS i:.; illst aIled. the pcrfonnallcc of the eutire SYStClll 
depends on cOlltrol llIethods applied 011 the system. The contl'Ol methods inclllde 
stmap;e lllethod. mder seqllenciup;. aud elwell points of sin machilws. Rc~se<ln'h iu the 
;)n~a of dw('ll poilltS illld cxpcct(~d travel-·tillle Illocleb fur sin lll<ldliucs a]'(' ]'('vicw<'d 
ill this SCc:riOll. 
2.2.1. Dwell points models 
TIlC !irs! ,m'a relates to elwell ]Joints. SOllle simple l'lllc-of-tlllllllb policies have becu 
studied by DU;,Cl all(l \Vhit.t~ [Hl8 il]. These stratcp;ies arc cas." to llwlerstaud awl 
illlplelllellt. hilt they are static aud canuot l'cspoucl to dWllgcs ill th(~ SIR tnmsactiolls 
ill all AS IR S i'rOill period to period. Ep;bclu [H)!Jl] developed ,\ dntaltlic optilllal 
jocatioll strat(:gy based ou lllClthCllWtiCdl jll'Ognllllluiug iuclllciiug two scpariltcd sub 
llHHlels to llliuillli:lC the servicc ]"('S]lOllSC' tillle. Oue sllb ulOdd is to lllillilllizc t Ite 
I wlxiullllIl SIR lllachiue res]louse tillle while the oj hel soh;cs the llliuillli;,atioll of the 
expected rC'spOl1SC tillle. II W(lllg dud Lilll [199:31 extE'wled the Egbclll f1 ~En 1 study 
bv tnlllsfenillp; OliP sub model to a siugl(~-fa('i1ity locatioll pl'Ohlclll awl d('\'(~lop('d all 
dficicllt digmitlllil to g('ll(T,ltc all ()pt.illlal dwell POil]t ()f s/n llli\.chiucs iu AS/HS. 
:·kycutl dwell point specificat.ion strcl1cgics ['ur SIR. 1l1<lchillCS lm."c heC'll st.udied hy 
Egbclll alld \Yll [199;1] hased ou the simple mlc-of- tlnuub pulicies h\' Bozcr all( 1 \Yl1il<' 
ID8-1] awl dYJl(llllic stmtcgics hm,;(,d Oll linear program dcveluped by EglH:lll [l!Ell]. 
EgIlClll rllld \\'11 [I DD:3] cOlldllcted ,I perfonnallcP COllllliIl'isOll 1)\, USillP; ilwlag(~ mdcr 
lmwmmud t.illle (lc, the basis for coul)JariSOll. The choice ()f th(' (hvdl poiut hclS ,\ 
c;ignitic(lllt impact. 011 cxpcct('(lrc~;p()nse time of AS IHS. Peters d ,d. [lC)!)(i] devc]ojwd 
;\U (llJa.l':t i(',11 model fur the detenlliwlt.ioll of the optilllal dwell ]l()iut lucHt.iull for <Ill 
-; 11\ lWldlill(,. This modd p]()vidl's it do:..;l'cl forlll solut iOll f()] tlif' dwC'll point locat iOll 
llObl(,lll Hnde] ,I Yarict\' of Systelll configurations. Pct Cl'S ct ill. !19DCi] dcvc'loped it. 
,:1osed form sO]utiClll for :-:qw1.re-in- tillle (SIT) nIck:-:. HO\\,C'vcr, rack:-: (lIe not llCC(:ssClrih' 
-;IT. whi('h Ilwam: study of llCJll-sq II are- in-- t.ime' (NSIT) illld unifol'lllh' distl'ill1l ted l'ClCk:-; 
11'(' lllOl'(' Yi\hw Ilk. Park [:ZOO}] developed a dosed form solutioll fm the optimal d \\'ell 
)Oint of:\SlT wck:-: detcrlllilled by the pl'ohil.bility of tlw ll('xt t rHnsactioll dellland 
. Y1W sturage (ll' rctrilCYal. [n addit.ioll, v(Irions return paths to d\\'cll poilltS al'(' also 
'~xalllill('d ill this paper. 
2.2.2. Expected travel-time models 
'\lloUwr study area is the ('xpcc:ted t nl\Td- timl' of S /R lllachilll's in AS IH S. Tln('(' 
"tmage i1ssiglllllCllt lules Imvc hCf'll COlllPd]'cd hased Oll exp(~ct('d t rawl- tillle of S/ n 
lllac:hiues !J\' Hamillli111 et a!. 'EJ76 j. Tlwv poillted uut that t.herc is (\ siguitiCC1llt reduc-
tioll III ('1';11)(' tl'avl'l tillle bv llsiug dedicd.tcd storage ])011('\' such as full t1ll'UOH'l'-hasf~d 
assigulllcllt ratllel them ralldolllized storage policy .. Graves el al. [FJ77ll~xteuderl the 
work dOlle' 1)\' Haus]lJ(lll ct a1. [1~)7(jl to COlllpare the opcrat iuE', perfUl'llla.llCe of s('ven11 
~;tomgc i\.ssiglllllCllt. policies bv usiug both cOlltilllLOlLS am! dis(:]'cjc cTiduatioll lllod-
els. Ea('il lllic is cOlllparcd Oil the basis of expected travel-tilll(' of Sin IlJachillCS. 
30zer awl \Yhite :lD81] developed tl'il\'cl-tilllP lllodels for siugle ()]' dual COllllWl.lHl 
cycle:.;. T11c\' compared the expected t.ravel- tilliP of all AS /H S (Tillle for these t\\'O ('\'-
des. Trim'l rimcs l1lHkr differellt stnHlg/' assigulllt'nts have 1)('('11 illV('Stigiltccl b\' \\'Cll 
d al. [20(H]. They cousirlcl'ed various trawl speeds wit h kuowu ilccclcl'ntic)]l illl( I de-
I :deratioll rates. A cOlllputerized algOl'itlllll developed by ~lausmi [EJD7] i llVf'st igat cd 
dedic:atr:d ,,1()ldge allo('atioll altcllldtiyC's for all AS/H S based 011 cycle tilllC of the S IH 
1l'<1llf'. Aslm.\ni d at ::2()()2] prcsf'uted ,111 f~xact. gt.~Ollldr\'-hascrl aWll\'jjcal lllodel to 
(,()lllj)nte Til(' (,X]l('ct(~d. cycle tl'avc:l-tilm~ for all S/H lll(lchillf' with siugle-cOllllll;t.wL 
It 
dual-culJllllalHL or both. The rack ("illl he either SIT or ::\SIT imd IW fixed Ll\"()nt 
:-;hape i:-; a:-;:-;lUlled ill thi:-; lllodd. Thi:-; n]J]>lO(\ch call make t.he AS/HS lllure i\'Pl)('aliug 
for u:-;(~ iu illtegrated :-;upply chain :-;y:-;telll:-;. Sari ('t al. [2007] pj(':-;(~uted do:-;ed-fonll 
tl"m'cl- timc ('x]ln~s:-;i()1I:-; for fiow- rack AS /H S 1 m:-;ed 011 a cnntillUOU:-; approach all< I COlll-
pared tll('lll with silllulatioll to dClllollstTate that this <llIethtieal lllodel ("all (\:-;tillJatc 
pcrfonllallce llWi\Slll'('S iJy requiriug les:-; COltlPlltiUg tillle tltall :-;illlulatiou. 
2.2.3. Dynamic control policies 
i )mpcr :-;electiou of d)"w\lllic coutrol ]Jolicif':-; <111m\":-; 11:-; to lllaxiltlize 1 he S,":-;U'lll thmllgh-
]J1It. Liu awl \"aug [19D5] prc:-;cutcd au applicatiou of :-;todw:-;tic Pet ri uet:-; (SPT\:-;) 
i.() d('scrilw the lwhavim of AS/HS awl ('valuate the pcrfOnmlll(T of ditfc]"elll ("()1Itml 
poli! 'ie,:-; of S11CI1 s'::-;tcm:-;. The SPN i:-; a gn\.]llJ-bHscd tool t helt ("all 1>l1i ld a :-;.\":-;1 ('Ill ;\l 
ditf('l'('nt \('V('\S Thi:-; property of SF\" ('illl <1ivi<1(' the wllo]c :-;V:-;IClll illto s('\('ral :-;uh 
:-;y:-;t('IllS aud lJlod d 11l<'1ll sP]land ely, wllich lllakes i 1 is eas," to relllodel chaug('s i 11 
~iy:-;t,Clll configurat.ioll:-; chauge. Dotuli aud Fa1l1 i r 2UU5] dl :\"clo]lcd it colored Petri llet 
(C1'.\I) to im"cstigatc The pcri'onn<lIlCC of AS/nS frolll a coutrul P(TSPCCtiq'. CPt\' i:-; (\ 
wdl-kllO\\"ll dialect of high-level SP.\I:-; thilt call be illlplcUICllh:d ill work How Htwlv:-;i:-; 
This a]]O\,"s 11:-; to lllodel <I n':-;olllcc:-mi(,lltcd lllodel sl1itablc f()] leal-time ("outrol. A 
1 H'rionll<111(,(, almh'sis for lllllltj plc <11s1(' j\ SIR S hy llsing SP)[ s is pn:s(,11(.(,(] b~" 13e11<l-
1Wlr ('j a1. [200:3]. Tillled Petri llet:-; (TP~\~s) cxtclldcd frOlll CP}\T:-; \,-ilh tillle ("(lIKC]>t:-; 
is appli(~d to lllodel the AS/RS awl evalllatc :-;y:-;tClll pcrfunwUlcc. 
CIJAPTEH ;) 
JVlANUFACTURING PERFORMANCE ANALYZER 
[II the' iutlOe!lldiou \\'(~ lll('utiollCe! OqN call 1)(' usee! to Illoe!('1 tIl(' :\vs/n~, TIH'rc 
llC llliWy Ilwthoe!s e!('I'c1opcd to ;lllal\,zc oqI\, Exact solutioll i,-; ]l()s-;i1>II' fOl' Ild\\"mks 
\\'i t.1I eX]lOlll'utiaI illt(T-ani val all< 1 SCI vice tilllc d i:..;lri 1 mt iOlls, H()\\"('\'CI, ('x1<'n ml al-
l'ival pm('('ss(~S of (,Olllplcx quelliu).!, lIc1works Ill'cri uot 1)(' Poi-;sou illld (h(' scn'i('c 
,iul(' distlilmtiou:-; Il('c<1 uot 1)(' ('XPOlH'utia1. lu mder to soh'(' 1lIO!,(' ).!,cw'l<d QI](,l1ill).!, 
lctw()rk pmhl('lw;, approxilllat.ioll lllethods mc u('cded, ThcII' ,ll'I' SC\'(T,t! ilppmxilllil-
ilJII lllctlL()d-; ill t1Jc~ lit('Lltm(', ;lud 1111' panllll('tlic d(~I'OlllP()sit.i()1I (I)])) 1111'1111)(1 is it 
)(JplILII 1lIct Iwd, 
TIl(: lllaiu idea of P D is to dl'('OI11])(JSC il c(lIl1plex <[lIl'lIill).!, llei \\'Ink illto s('vl']';d is()-
alce! qlll'I](,S or SIl1>S~'StcIllS (Kucl!u [I !)'(Ij]) , KI'Y poilltS of PI) llIc1l1dl' (WO priw:ipks, 
'I'll(' first IllH' is ilPP)'(Jxillliltioll or idllloll-Icuewal pn)I:('SSCS h\' st ilt.i()]!(IT\' InlC\\',11 )llO-
,'('SS('S, ,\ ]'('11('\\',1.1 PIO(,('SS Ull'iUlS ('V(TY tilll(' all evcllt OCC11l>" t lic pUJC('SS rCIIC\\'S itself 
\\'hl'],(' tiul(' hct\\'l~(,lJ (JC('1llT('IIU'S is expo] J{'llt,jit.lll' distli 1>11 tcd, T\pi('il,1 h', il ('olllpl('x 
:itodmstic pl'()C(~S~; I](ls OIl(' 01' Ill()],C ('llll)('dclcd ]'('lI('w;d p]'()cc~;ses, \\'1Iil'l! allows tIll' P]'()-
I'('SS to 1)(' decolllposcd iuto smaller i]](l(:p(:II<1l'lIt :iYSt('lllS, Fm example, ::\Iarkoviall 
1Jct\\'Ol'ks (',III 1)(' dl'COlll posed illto SlliJsvStCIllS CXildh', while gellcral IId\\'()]'k:-; (lull 
1',11t 1 J(' dc('()] 11 ]los{'ci appl'llximat ely, Allot hl'l' illlportallt pnllci]>](' is (,()llsi d('rilti()] I of 
11](' iirst t,,-I) 1ll001ll'llt.S - 11)('(111 \';t.l1H' awl sq1l<nl'd ('()vifici('llt ()f \'aria! i()ll (SC\') 01 
ali )l]'()('('SS('S, This pri1lClpll' H'St.S 011 a 1Il1111I>('r of obscn'ilti()]J,-; ill qll(,llIU.l!, ul't\\oLks 
lG 
,,,,jl(T(' 1I[('il11 valnes ()f ]>('rf()nllillHT IIlC;IS1UCS a]"e llliliuly illilll(,ll('cd hy I h(' llican and 
S( '\' ()f i1 ralldolll \·ariahl('. 
q~A d('v('lo]lcd h\· \VItitt 1 !)i'Ui is ,I softWi\l(' packag(' lor oql\ ill C()]lllllllllic(\~ 
i,]()]1 systcms, Illlt it. "'il:-; Illodified t() 1I]()(l('1 <1is(']('I(' ]lilrts nlall11fact11l'illg :-;\,:-;1.('111:-;. 
Tlw applOxilllati()]l ll}(,tlJOd ill (2);1\ decolllposes the (jll('l1illg Ilctwork illto S ('\"(,1 al 
~)t()dli1sti('alh' illdepcwi<'lli. C1 /C/III q\j(~\WS. A C:1/C/1n qlJ('\l(' illdicates that thc 
ani\',11 P1'I)('('SS of ill(' <11]('\](' with 111 1ll11lt.iplc S('1VI'1'S is a n'lww,tl pmccss with gl'w'lal 
distrillllti()n (c:r). (ll1d Ill(' dis( lilmtiou of s(,1vi('(' tilll!' is ,dS()l!,Cl)('lal (C). (2[\A l1SCS 
ill(' fir:-;t tW() m()llL('llt:-; of iut ('!'-;nriyal and s('rvi('(' timcs tl) 11awllc IllOl'(' ).';f'll('Ll.1h· <lis-
Irilmtcd O(lN:-;. 011«' I Ill' first [.\y() IllOllll'uis oj tIll' iui(T-illTly;d t.illl(, ()f ('ilch ('llstollwr 
Iyp(' iuto tl)(' llctwmk awl its l'ontiug ale ;l!,iVCll, Q.\JA calculates t111~ firstt,\\'O llIIllW'llt,:-; 
iJC effcctiy(' iul.c1'-arriY<ll t illll'S of CIlS()I1ICrS a( eaciI n()dl'. q:'J!\ ;ds() c;lkl11a(':-; th(' iir:-;t 
1,'.V() lll(JlIH'llt:-; of df('divr' S('ITic(' ('illl(,S ,1'l ('ach !l()de <11111 UI{'I1 allidyzes (,,,ell u()de as 
au iuriq)('udcut (,'j /C/l or c: 1/(,'/ III qUC\W t.() cstilllatc PCl'fOrlllallCC 1ll('(lSlln:s or tllis 
!l()dt'. Fill(llh', ])(,l'i'onll<lllC(: llwaS11rcs of the ('llt.in: qlH~l1ill).'; ll<'iwmk ,\1(' ('stilllated h\· 
~).\'uthcsizi11g pcrfonwuj('c lllCaS\lr('S of t h(~se illdcpC1]( Lcut C; i / c: /1 01 c: j / c: / 11/ qIH'\ WS 
1\ \Tltitt. ~1 !)K:l]). 
:\IPA, all ('xtl'lltioll of qN A, (Ill( I dl's(Til)('r\ ill l\Il'llg illld H(,l'agll [:20() I]. is all 
;llla),,( ic,d lliode) ~i])('(ific,dh' dl'signed to ('V,dllilt(' the perforlllauce ()f,t lll,\.llufact.milig 
~iVst('1l1. Tlt(~ allal yt.ical lIlodel of l\IPA ill the coutext of a lll,\.llnfadn1'illg svstelll is 
:Iltrodnc('(l lrv briefl" recapping t 1[(' two ,.;Yst(,II1S of 1ill1'CIr ('(IIli\.tiolls uSl'd (0 ('(lkll1atl' 
.1w first tW() llHJlll('ul:-; ()f iui('l-anival ;lll(l :-;ervin' hlllcs. 
The lloi;ltiouc: used i 11 :\ [PA a](' 1 istl'd hcrl': 
11- 1llll1l1)('1' ()f S('1'\'(,]S 
II = Illllllhcl' of pmrind typcs 
i = product type index, i == L:2, .... p 
i7 
j, k = S('I\'(,] !lode i!ld('x . ./." = 1.2 .... , /I 
I - o]>crat.ioll illd('x, I = 1.2, ... ,0' 
111,-= Illlluhcr of Ill<ldlilJCS at Ilod(~./ 
\" = la(' at \\'hidl il pmdlld l('avilll~ nodc j goes to node k 
fiji, -- />wportioll of [lmdnct.s leaving Ilode j timt go t.o llod(' k 
[/jl, --c- proportioll of ]lmdlwt.s iIlTiviui'; at nod(' f. tllid ('OIlH' flOll! Ilode j 
"i - SCV of iut(T-ilni\'id hllH' for t.wo ('OllS(,(:l1tiv(~ ;llTivals illt.o node./ 
('~, SCV of S('lvi('(' t illl(, ()jl 11l(IChilll'S at uode j 
h;,1 = IJ])('ntti()]li\] batdl size of It I! operat.ioll of pmdllct i OIL lll;ldlill('S (It uode /. 
flt'l' - trallsfer hatch size I ){'I.\\'(,(, 1 1 Ilode j' ;tIH I uo<i(' /; 
J' , 
,.1 -- n~lative batell size of Ttl! opr~rahon of ]Jmlll1ct / pr'rforuH'd ()]I 11\(ldli!l('s at 
!lodc j to tl!l' hatdl siz(' of (1 I l)th ()]l(~ratioll of that pmrlllct ()]l ulachilJ('s at 
if tIl(' 1!1l ojl('ratiou of jl]'(l<illd. ; is dOlle ;t( Jlod(' " 
ot.]wl\vis(' 
if the ttl! all( I 1 + 1 t h operatioll of pwd uet i me <loue at node j illld k 
3.1. Basic network operations 
\Yhit.t [lUK:3] poillt<:d out tlmt all OQ.\ cOlubiw:s s('vrTal basic Ilc1WOlk opclatiolls 
llO lllattr'r how c(J]llp]r'x the network is. '1'11(,s(' Ildwork (J])(,](ltiOIlS arc d('jJart,1ll(" split 
JUl(l Sll]J('l]J()siti()lI. Ftf('('t:-; of tIltCS(' ()])(Tati()ns me discusscd II(,X1. 




1 + (I - !)~)('~ -1) t- --((~ - I) 
/111' 
IIJ(' tl;t![ic ill! ('!lsi!\' ()]' lllilizalioll ;t! tIl(' !lodc'. 
~2) Split. c)pclatioll 
(T I) 
( ,) ')) d.~ 
Tll(' <l,lIJ),lq2,a!(~ pmrillct is split illto slll)d,,l!,,l!,lC,l!,atc prodlld~ \iil the ~,plit ()IWlat iou. 
') .) 
('j - JI;C~ + 1 - PI 
: l) Sll pCl']'osi tiOll ()J )('lati()ll 
\- )""' . .\, 
/" L.....' 
'J ~,AI) 
(~= W L (-"T )(7 I 1 - cl.' 
i 2 __ 1,' /, 
TIlC' \n'igiltillg fllllctiou is 
// -= [L (,\/ L Ad L ] I 
I .. 
~3.2. Estimating the first two moments of int.pr-arrival t.imes 
/\c; lllCllt.i()llcd jJn'vi()lls1y, t.he first \\/"') UHllll('llt:~ of dfccli\·T illl('l'-ani\"tl tiUl('S arC' 
,)htaillcd h\' e;o]villg two e;vt.Cllle; of lillc,lr ('«(1WtioIlS. whi('h s\'llt.lwc;iz,· tlj(' effect.s of 
~Jlce;c t hl't'(' bae;ic IIcrWI Irk opcratiolle; (Ill the fil'e;t ime! S('COlle! 1ll0lllC'llt.e; of tlie i utcr-
.1.ITiv,tl tiIlH'S. 
The iilst SYStelll of lillt'(\] cqmltiom, 1',\lclllat.('e; the effective anival ra1c illto ('aclJ 
L'\W}I., /, 
j-=--l 
l. 2 .... .'1 ( :3.1) 
Eqmil.i()ll (3.7) ilHliccl\('s t.llat t.ile dt'('ctiyc aniy,t1nt1(' iuto .111\' uode /; ie; eqnal to the 
. tnivalralc frolll the ()lIte;idc wmld pIlle; 'lni\'(\ll'at('~: hOlll olllCl' uodce; ill the lldwOl'k. 
The e;('('oud e;ye;t(,lll of liueal" ('qllations is lle;cd to cacuhlte tlie SCV of tll(' i11tel"-
!ni val tillle' for two ('OllSC'Cll ti \'(' ani \'ats illto allY Ilode ill til(' 111'1 \\'01k , which ie; the 
('~J == (f j -I L ('~J)i}' .~.J < II 
i 1 
[ll E(Jll<ltiOIl (:U';) , II} ,llld hij arC' ('ollstmile; ae; follows: 
20 
I'} - (L /)/;}) I 
; () 
til prodllct~ arc haldled tbe ~a11l(' W<ly al cach llode. :\jCll[2; alld IIenl[!;ll [2()() 1] C011-
;-;idcl('d a 11101"(' [2;(,l1C1"<1I hatc:llill[2; IlH)(i('1 alld illtmdll('(~d a rOlllt h 11dwmk o]lClat.io11. 
'J/./ i~ ddill('d as (.h(' hat ell ~iz(' of prodllct. i at Illite-hillc /.- fm i t~ 1 t h OJ )('l;l1iou. Ddiue 
1.1 
// I,.i+ i 
I~ jJ)(' r;lti() ()f til!' hale-It size of ftlt oj)('nd.io11 of prodllct i OIl Ilod(' j to til(' hille-II ~iz(' 
,)f (1 I 1)1 h op('ratioll of pmdllct i 0]] llode k. If thele ;\1(' II1IIltiplc ]lWdlld~ fr()jll 
lj()el(' j to l10dc /.-, tltc r('lati\"(~ Imldl si/:(' i~ (\~ follows: 
1\,1)('1"(' 0' i~ tite llllllllH'], of op(~ndio11s of prodllct /. The iirst two lll()l1}('ul,s (" bal <:11 
i )p(']'alioll at til(' uod(' ;[1'(' 
') ') 
(;', ''- iil.J·d) (:Ul) 
Bv «()ll~idlTill.~ diffe],(,llt baldl ~iz('~ ill I II(' llf'(.wmk. I lie lirs! sl'1 of lillcal ('<jlliltioIIS 
(:l. 12) 
J-
The only difference betwC'en Equr,tinn (:3.12) nnt! EqUdl.iOlI (:3.7) is the ]clative' hatelJ 
,;ize that indicates tIle fl()\\' chang(' du(' t() diff(']'('lIt hatch size's for two ('OlIS('clltiV(~ 
O]lClrl.tiOllS (.\lellg ,md H{'ragu [20() 1]). 
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\ .j .. J 
j-fl 
The diif(']'('ll('c lwtw('(,ll Equatioll (:~. U) and Equatioll (:I.H) is ;liso due to illC'Ol'jlmatioll 
:3.:3. Estimating the first two moments of service times 
L;,cl I~;'~I AI.T/,{l{(k. t) : II/,{ = j} 
2.=;,=1 ) ____ ;'11 AI,l{(k,/): III,{ = j} (:Ul) 
3.4. Net.work pcrforlnance lueasurcs 
NOv\' that tlw ll<'twork has 'iWCll brokcu nj) iuto stoclmstical1\' ill(lq}(~Ij(I('Il(, llodes 
(',)kulat('(L \\'(' call allal\'1-;c ('ddl llod(' scp<lrat,<'1,v alld obt aill ('stillmt('s of I)('rfollll,lll(,(' 
111(,').S)l1('S as shm\'ll 11('xt. 
Th(' ;)\('1al-',(' waitill~; lilllC ill ,) (/1/C'/1II Q1H'1H: is: 
\\IIC1~ IE(lrCh),\I(11/1I1 is tlH: average \\aitillg tilllC ill a j\1/1\1/1I1 <111('1]('. 
TIl<' basic t.otal Ild\\'())"k pCrf()nllaIlC(~ 1ll(~aS1ll'(' is tIl(' tlll()llgll])]lt. \\'Ilich IS Sall](' 
,).s tlH' toLd ntcnml anivai rate All 
(:).17) 
Tlw 1ll(,<l1l alld variaucc of tIl(' 1l1luli)(,l" (If ('USt011H'I"S j\' III til(' ('utirc lI('\\\'()]"k arc 
v ({ /' ( N) == L V !/ /' ( Nil 
tOllH'l". Fm au ()ggrq!,a\(~ cnst()]I](:r, I)il is illdcj)Clldcut of th(' ClllTCllt stat(' illld hisjorv 
()f tll(, network. ()ll th(' ot.lH'rll<\lld, cadI particular CllS(.OlIH'I" sl](11l1d lmv(' a l"dalivd\' 
l]I'gligiblc <'fkd (ll! tIl(' (.!ltit111dw(lrk hm11 11](' vir',\' of jlil.rticulm CUSj.()II](TS. \IPA 
~()lll(' illljlmtallj cqllatiom: lor cStllltatlll1-', kc\' pCrfOl"lllalJ('(' uwaSlllCS ,).]"(' iish'd 
'Ill(' (·x])('d.cd 1I1l1111)('] of \'isits 10 ll()de i is 
Ill(' ]lJ('all lillie (\ (,11stOllHT SI)('l1d~lll !lod(' I i~ 
lE1~= (Eli;)( T; I lElF;) (:L21) 
OJ lil' ('X])('cte<l Lol al t illlC ill the ]wj WOI'k from arrival to dcpmt.llJ'(' 1'01' a Cll~t()Lll('1 
( ') ,).)) .), - "" 
1 ] 1 ] 
The \'ariau('(' of tli<' tiJll(, spelll hy ;1 ('ll~I()Ill(T at llode i is 
'(fdlil = lE1i(V(/d!r, J (:1.2:)) 
11<::\/ = I: (/\(I}//\IJ)i F'('2I';//i - IlL, (:Ul) 
1=1 
,\'11('1(' I,' is 11](' ]wltrix (1 -- Ji) I. ;llld f> :=" (jJiJ F,j,1 is I hi ~ /I X /I ]]]illrix \\it 11 all 
fh' ac;:-'l1lllitl.L'. that '1;s ;11. I Ill' dill(,],('111 ll()des Mi' ('(judit iowd]y ilHlepcwkul., 
\ , 
T - iL:L f/. j ) 
I 1 i;== 1 
wh('[(' '/1., is tIt(' tillH' fill Ihe ktl! visit to llode j, 
Fillilll\', 
\ , \, \ . 
1=1 i.- 1 I-~I 1=; f-I i;~; ( 1 






i=l ;=1 }=i+l 
To summarize, MPA analyzes the network system in following four steps (Mellg 
et al. [2001]): 
- Calculate the first two moments of the inter-arrived timcs of the aggregated product 
into each Hode. 
- Calculate the first two moments of the effective service time of the cLggregate product 
at each node. 
- Calculate the performance measures of each node as a G 1/ G 1m queue. 





Th(, :-;illlniat.ioll llJ()( lcl lm:-; heell developcd b\' l1:-;ill,[', the Pl'OlIJ()( leI :-;oftWi\I(' t()oL 
I'rolll()( lei i:-; <I I )()\v(~l'flll sillllllati(Jll tool for Silll1liatillg awl ill lil.h'zi 11,[', all (YI)('s of 
!)l'Odlldi()ll s\'s(n 11:-; , I'l'()lll()(j(,j f()Cll:-;('S OIl S\':-;('III ]lel'fol'lw\llccS sndl ilS !'f':-;()1]](:(' uti-
:1/~al.i()lI, ]lm<ll1ctioll ('<lp<lcity awl iUV(,llton' ]('w':-;, :\:-; it disn\'t(' ('wI:l Silll11ht< 11'. 
[-'rOlllodd i:-; ('xc('llcllt rur l1:-;illg ill il.SSClllhh' lillC:-;. tT<1llSf('l' 1iJ](,,,, flcxilJl(' 1IIilll11Lu'( 1lr-
:11,[', :-;\':-;t.('IIIS alld so O1L 
A Prolllodc1 SilllllLl.ti(Jll llludd cOllsi:o\.:-; :-;('vera lllodul('s to Illode! a I('al Sy:-;t.('llL 
\1ail1 llJ()(lli1('S of a PWlllOd(~l mo(kl an' ('IJt.itic:-;. locatiolls, H'SOl1n'(':-; alld PWC('SS(':-;, 
'I'll(' ('llti(i(':-; jln'S('Ii! til(' tasks ill tlw S\,s(.('I11. \\'hil,: tIl(' I()udi()]]:-; d('fill(, pLw(':-; \\'1]('1(' 
:11(':-;(' lask:-; I)(,ClU. 'I'll<' n:sOl1l'U;:-; ;tn' ill(' itcJ]J:-; n'<lmH'd to pnw(':-;:-; 1;1:-;k:-: dlld tli(' 
PW('C:-;:-;('S ddill(, logic r<'1a( iOllS!Jip:-; among Cll( i( ics. l()catiolls alld n':-;()1IJ'('(':-; (\Iano 
4.2. l\;lodel generation 
,'dPA Cilll g(,IJ(,l'a\(' il PWlllodd :-;illl\llit1.iol1 1ll(1(1(~1 i)('('mdillg to illpU( daLl :-;11('('1:-; 
,llI(Ollliltically, Th(: IlH'dmllislll of lIlode! ,[',('lwrat.i'lll is V i:-;lll al na:-;ic for Applicati()ll:-; 
(V13A) 1m l\linTo:-;oft Access. VBA is a ll](lCm iallgnagc WhCll Vi:-;l1al 13;]:-;i(' (Vl3) 
i:-; n:-o('<1 wi tIl ill illlOUH'l' a]Jplicatioll. VnA I ms t 11(' silllilar illtcgratcd dC\TI()]lIIH'llt 
('llyiIOUlll<'llt (TDE) as V13 alld is en:-;y to be d('ycl,)pc(l. 
:2(j. 
,'Ollt wi it Sililiial as cOlltrol all Ac('('ss oiJj('('1 (CalllCl'Oll [lD~)~J]), A IJlOl-',r:llll \\'riU('lI 
h~' VI1A 1-',('lJ('l'<lt('S t.he :;iItl11lati()]I lllo<ld b\' :;d.tiul-', pl'Opcrti(':; of ('v('ry 1110<1111(' frotH 
~;i]jmlati()l1 11J()(kJ l-',('u('1<11c<l h\' I\IPA. All PlO]H'lt c:; call )(' dJalll-',('d d\wllilicalh' ill 
(1iif(TCllt S('('lIi1ri():;. 
Tahl(' iLl. L()catioll rmpcrt.ic:; 
Capacit.\ Uuit:-: DOWIi Tillles St.at:; 
--- ---
11--;-13:-),_d_'('_h---,i\_1_c_a_(1-1;-;:3'c-l + __ --;cl_ll-;;-f __ . I NOI_H_: __ ,.,-T.illw S('ri(':; 
! qW'IW Area (Ql [111' 1\()IIC TillH' S('ries 
i S(,]\'(,IS (1\1) 1 USil I-',c--·071 "ill'l(' 'S('ries 
~ ------~-~------
PlO]l('rtic:; -I 
OHt]lHt U(:stiuati()l1 H H](' I 
Next rrodud TV]li' 
Next [lmduct Typc 
\,J('xt Product T\'I)(' 
!\.ext L()Cati()1.1.:=:~2~.I~~.J 
.\lex! LO('ilti()]l Old(:st 
Next LOCiitioll Old(':;t i 
(",Ill plO('es:; I.)]d\' 01J(' (,lltity ill OlIC t.1'Ill:;adjoll. ror t'x(]'lllpic. th(' ("I.p'l.(it.\, oj' lift:; is 
(llH', \\'[li(h lllC(llJ" it lift (',m Ollly take 01](' ]lalld per tiUlC. 'I'll(' c(].piJ('ity of hillell 
;In',ls awl queues arc illfinity (lS dcfimlt "calues, 'which is a H'asouablc asslllliptiolliu 
) .. VS IIi S. This ]H'O]Wrtl' is lls1li1.11y kept com:taut. 
The sPcolld pmpcrt\' is uuit. which indicates lhe III lIubcr of ('aeh t,VI)I' of serv('1'. 
batdl area awl qlW1W, For batch an:ClS and q1Wll(:~" the ddanlt nllit I'Hlnl' is L which 
is n:a,-;ollablc to aSS1llllP there is ollly ouc batch "rea awl vvaitiui!, <1nC1](, ill hout of 
(:(1 ell tVJlr' of ~;C1VC1'. 
TIl{: dO\\'1l tillles (llld slats properties arc sallle if there is IlO pmticlllar ]'cqllirclllcllL 
'1'11(' 1'1 des provedv ddill('S how (\ l()('(tijull selects t.he nexl ill('omillg pntity frolll s(:ventl 
('Iltitics that an: waiting to cutcr this locahclll. Low llmltiplc <'lItitics at a lO(,rltioll 
qUCll(' for outVllt. and which uuit of a lIlulti-uuit locatiou i:-; selected b\' all iucolllillg 
(!utitv. Thcre ilre mall\, I'ules that call be selected, sneh as oldest by priorit.', l'illldolll 
alld least <\\'ailablc capacity, The oldest by priOl'it; is ChOSt-'ll as the defall.lt \·ahw. 
The clltities lllodlllc presents Jlallet.s iu AVS IH '3. 1\"'0 Jl],ol)(:nie~: Jl(:c<l to bc sd III 
llii;.; lIlodnle: speed aud stats. TIw spced applies t.ll self-llloving C1ltitif:S. III AVS/H S, 
pallet.s are trausport.cd by vehicles awl lifts. HO\\'I'V(~l, hecause vehicles (Iud lifts arc 
lrcatcd as s(:rvers b~' qncuiug J](:t.\vork tlleory, pal'lct~ ., lllo\'(;' betweC'!l sc]'\'(:rs. As ,I 
rcsu] t. the speed ("lll be set to be t.he same for all types of pallets. The defanlt Yidlle 
of stats is t llll(, series. 
T1[(' jlj'()«(';';S(S lllodule defines illc rontill[!; of entities throngh tll(' SVSt(:lll aud the 
Ilpcratious at each locaLioll ill thc WlltC. LocatlOlL output., dcstilliltiOIl awl rilles 
PIOPC]'tics m:(:<1 to \H' set iu 1l1i:-: lllodule. 
TIl(' lOCil tion property defines the loca.tiou wl]l')'(: the elltity is. TIl(! out put pmp-
\:rty is tlw t.vpe of C!ltity Hftcr leaving tlte: locati(lIl. Bccause split ami slljl(:rpositioll 
"pc],;l.tiou;.; a]'t' llot cOllsidp]'cd iu rhis case ;.;lndV S\·S\.('lll. the output pwprTt\' call 1)(, 
-;<:\ .'IS t.h(: c"lUl(' pto<illct t.\']w. The destillatioll is the !lex! locCltioll t 1w clltih' \\ill 
1.'llter. For ('xilmple. t IH' HlltOllOlllOllS n~hiclc takc~: n pallet to the lift ballk .. t IH'll the 
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destillatioll of this pallet is the Imtch area of the lift ballk. The mles property is salJlC 
ill the locatioll module, awl t lw deLmlt value is oldest b\' priority. 
CHAPTEH 5 
APPLICATION OF MPA, IN AVS/RS 
TdPA was desigued for a discrete p;IJt~: lWill1 ifac:tmiug systclll. It Heeds to 1)(, 
11l0clifi{'cl t(J be applied to the AVSjHS. ~,lHin challges of 1\JP;\ me listed ill Tables ;).1 
r ') 
.. ·).d. 
Table 5.1. Server pan: llwtprs 
: PanHneter 1\ICCl.Jl.llg 'l 
I----'-f~-- : 221li(Lll{'_\,~'1~dc {)lJi/~N\{~l(~~lll::~~lIlb(:J JIl j,hc ~ste~~'l 
C--.--------+----------.-.---------. _______ .________j 
, ! ()(' i toc,iliolls of vc licles or lifts I 
("(I.j}(u'dU ,\J ulllber of t he vehicle (Ir lift type iu tlw ('ell _-= 
type Serwr type 
...:.:....::---c~-
jlITT F ::-'Ici:lu tillle to failllIe of the S(~rWl 
JITT R 1\I(;itu time to repair the server r= lV, Thc server llceds to be setup after iV;; loads -1 
~ Ts . Set1lp time of the ser~~~ ____ . ____ -l 
I d ! SCV or' Ts ~ ' ___ ---"--___ ---"- ______________________________________ J 
Table 5.2. Product ]laJ,lllHcteni 
r
p(llcllll('tel I 1\Ie(llliug ----I 
J! I Plodud iudex 1 
A/I I All'i\'allatc of IllOd:l~t T ~101ll the outside ",mId ===l 
(~ , SC \; ( tAil 1_------"-1' ----j-- - ----- ~-- -~- --- - -- - l 
, II' ?\ICclll :-let up tiIlle of ]>liId1ld p Oll j he mett el iell hetlL<lliu:.!, d('\'i( (' 
~--- -------- --------;---"-------------------, -1 :;::-------;.--------~--------~------ ------j , If ! sev of tIl J 
,y(~ aSSlllll(' each storage space OIl (~a<:h her to be a S(,l'\'{;I', wher(' loads ale st()]cd 
fol' (\ r<-lll<iOlti tilll(, period, Hmvcvcl', pel'fOl'lllHllCC of storage an~as arc uot cousili(']cd 
ill this ]liljlel', hec(-)Il,,-)c they arc Hot llIccHlillgful i 1 llleasmi ug the pcrfOillmllcc of alJ 
AVSiHS, 
;)() 
Tahle 0.:3. Parametcrs for operatiolls 
::\IPA is () colllplex lletwork flllalyzel \\'ith lIli\.ll\· fUllCtiolLS. III ordcr t( I apph' ::\IPA 
to estimate pCl'formiuIC<' of all AVS/RS, SOllle parameters ill I\lPA MC' sililplificd ,yitll 
.~()lllC default values. For exalllplC', although it Cilll he relaxcd, the ilSSllUlptiolliWS 
i)(,(,ll lllade that tht' I\[TTFs alld the I\ITTRs arc ('qual ill thl' SYStClll studil'd ill t !tis 
thesis. Addiriollal1\', l:s arc assullwd to he () for (Ill servers ill the SVSj.('lll. All SC'1' s 
.]1'(' (lsslllIled to be 1. wbich illdicates ollly expolll'utial distrilmti(Jll is (·()I!lsidel(~d. 
:3 ] 
CHAPTER (j 
WEB INTERFACE FOR THE CONCEPTUALIZAcTION 
OF AVS/RS AND AS/RS 
6.1. Introduction of the web interface 
Awtlyt.ic(ll lllodelillg of wardIOllc,(' desigll is ,Ill alter11ative' to SiUlllLltioll. TIl(' 
,lll,dyti("al lll()(lcl U\1l Sil!,llific<llltl.\' l<'dll("(' tIl(' tilllC to cstablisll tlH~ warciJ()llsc dcsil!,ll. 
Ilow(~Yc1". if t.he ,IWlhtiutllllOdc Is l"csi( Ie Oll il. local COllljlll tel" , dud llse s1 wei lie so rt \\'; In'. 
COl ('xillllpl(', :\ Lit lab. it is difficlllt fm \\",UdlO1lSC dcsig1l<'1"s \\,110 do no( 11<1\(' til(' 
i)(l("kl!,]"()lllld or acc('ss to the allil.lyt.icitl IJlodcls ()J tlJ(' sof(\\'an' to \lSC t11('lll. Th(' 
iiT h bascd tool ])]"('s(,11tc'd ill the t lwsi:-; plOvidcs (\ llsel"-hiI'll< lly illterfac(' 1 w(w ~I '11 
ih(' allalvtical 1llOdds awl walcllO\ls(' d(':~igll(,]"S. Users lle(~d uot klll)\\" dc-(ails of (II(' 
algOlitlllll \1s('d to solv(' t.he HI liLly tical Itlodds. TIle lllaill fll11ctioll oj" thc oll-Jilll' 
interfacc is to help \\";Iri'lwlls(' desigllers to qllickl)' cvahmtc (llt('1"11(1(c d('siglls h\" llsing 
tl](' COll("Cptwllizatioll tools devciopcd to dWll\"Z(' AS In S illl( I I\\"S In S Fum diJh'lcu( 
algolit.lllllS for ;\VS/HS alld AS/ns all' (~)lll)('dd('d ill the \\chsit(" illid call be llS1'd 
["m diti"cl"Cllt syst (,lll dC~ii.l!,ll l"l'quin'llH'llts. 
6.1.1. Basic technologies to develop the web interface 
The \v('1> ill( ('1"face is bilSC<! 011 a ])]"()ws('r/scl"v('l' (HjS) S\"St<~1ll ("()liligm;ll j()tl. Appli(";\-
(iOIl:, 1>as('<1 ou DIS h;llllC' ha\,(' lWlilV ildv;l.lItag('s. Thel'(, call ])(' 1)(,(lrl~' 1l1llilllil<'d ("llellt 
;\("('('S:-; if the applicati()11 is rUllnillg Oll :I supel" (·Oltlj)llt(T. Allot.lWl" ild\"i\u(il.,l!,1' is (I](\t 
the appjiciltioll ()]il\" L\('eds to ])(' ("hallged Oll the sever side. illstead ()f c1liIUgill.l!, t.liou-
:.,allds of clicut-illstalh',:l applicatiolls. Tlw dl'avvhll:k ()f 13/S ("(Jllfiglll"ati(1ll ('(llIIP;I]"('d 
t () allothe1 c()llfigmatioll. for ('Xillllple the clielltj:.wlTCl (CIS) is that all c(lk1l1atiolls 
lH'cd to he COlll]llltcd Oll tllC SC1ve1 COlllpui(T, which 111(\.\' Ilead to data hlockillg. 1.11 
Olll (I]lplicatioll, allill\,tic(li lllodels do lIot requi1e' 111llch COlll]lUt,lt iOll tilllc, (111(1 tlms 
t 1w 11/S ('()]ltigm;1tiolJ 1"; suit dhl(' ill developing tllis illt (T1'acc. 
J\Llllv \v(,lJpage lallg\lages existecl ill the llIarkeL awl \vc chose the ,JaV() Scrvel' 
!)agc;~ (,lSP). ,lSP is a dVl\(Ullic wchpagc lallgllage. which ('all display (h'llalllic: gCllCl'-
;Ited cOlltellt. This lallguag(' has s(,vc~l'al advalltages illclllclillg ;lhilit\, to hllH'tiOll OIl 
allY web SC~I'YCl', separatillg the 1eali~aLioll logic hOlll the appcarallcc of pages. ;llld 
;tllc)\\illg l(',l1-t itllC dcvclo]lIIlCllt.. 
Tlw vy('hsite lms ,I. rcal-tilUe d;ltabas!; to store USC1 illforlllatioll ;l!ld desigll data, 
\Ye chos(' ?o.I\'SQL t('ChllO\Ogy t.o clcw]op Ihis datal ),lSC. J\IvSq L has lWIll\' ad valltil'l',es. 
Ttl(' Iirst ()]l(' is flcxihilit.y, J\[vSQL ()llh' llecds (JIl(' Illega byte' (lr daLI storage to I'llIl 
rll(~ (];tlalmsc itself. As it r('sulL IvlySQL ]lwvides 11l1lch flexihility. ;\hSQL is all O]l(~JJ­
SOlll(:(' applicatioll allmvillg c\evdo]lcrs t() add ullique reqnin'llICllts to the ddtahils(' 
S(,lvel'. Tll(' sccolld advallt<1gc is high 1)('lfOllllallcc awlrdiahilit.v. A dabllmsc Oil tlll(' 
se]'ver cOllljluter shollld he static awl able to hall die SOllle d<1ta e!TOL ~\IvSQL !lw\'ides 
.~t.nlJlg datil protectioll awl C~XC(~]ltiowtl sC'(;l1rit), fl~a.tllrcs tu ('llSlll'(~ the website nlllS 
<IS ill/cllded. 
6.1.2. Details of the web interface 
The jllO('('SS hv which the IIscr elltcrs data call be divided illto t Im'e st.('ps: 
- Provide usc') illfonllatioll 
S(']I'('i (ill ,i1gmithlll awl elltc]' required jlilnl.lllctrTs 
Hllll tlw digmitlllll and COlllpan' n~sults, 
Flgm(' (i.1 shmys the data ellt1v process of tl\(' vVl'b iut<'1h(·('. 
Figur(' h.l. Dill a cllt.n; s(.eps 
G.2. Case studies 
Tl1(']"(' an' fOllr idgorilliuls ('lllllCdded III ollr websi1c. FOllr CilS(' stlldi('s a1'(' jll ('-
("nl.l II , utilizatioll illid total S\'SI('lll cos!. 1m illl A~':/T1S WIJ('11 tIl<' loLd stmagc spac(' 
t< '<j11 i 1'Clll(,llt is gi \:('11. 
Tahles (i. I awl (j.L Ciho\\' tIH~ list ()f illPlIt (llId O\lt.pl1t jliUilllWlel"s of AS/HSlll 
algoritlJlll. 








llunbcr of columns of the rack 
Crane utilization 
E xpccted system cycle time 
The tot al estimated cost of the system 
Tahlc G.3 shows a study case using the AS/nS_lIl algorithm. These parameters are 
divided into six parts. The rack configuration denotes the lmsic: ciesigll parameters of 
tJle warehol1se, such as the number of aislcs and llUll] ber of tiers. The S /R lIladlinc 
speed defines the horizontal and vertical speeds of the S /H crane. The transactiOll 
cmival rate involves two types of arrival rate: storage and retrieval rcquests. TIl<' 
total space requiremcnt is required in this algorithm. The cost cOllsists of two parts: 
the cost of a crane and the cost of a storage cdl. The algoritlnn call calcl1late tlw 
optilllal s)'stem cost using these data. 
Table G.3. A study case using the AS/RS_lLl algoritlllll 
Parmlli~;~r rValue I 
f---~-- -
I ~ II ~.~ I 
A I 1~ i 
I
II 30000 I 
LB~~__ 1~ 
I ~ l~~t t~() j 






Figure G.2 shows the illpl1t page of AS/RS_Ul algorithm. Figme G.3 shows the 
ontput page of AS/RS_1Il algorithlll. 
Conceptualization Tools for AVSR and )!lSjR Systems 
Rack COlIfiguratiflll 
iln 
""" ~~""",-, ...... . 
Sill' of tht: Rack Total Space Requirement 
111 
f Starl 
Figure G.2. Input paralllcters page of AS/TIS_ll] aigmitlllll 
This algorithm also calculates the expected systelll cycle tillle, SYStclll thro\lglllillt 
(TnllC lltilizatioll awl total systelll cost for all AS / R S. The ()lll~' diffc]"cll("p betwePll 
this nlgmitlllii awl AS/RS_lll alguritlul1 is that the lllllnbcl of ("()11l11111:~ is r('qllin~d 
iJlstead of the total storage space n~quirclllellt. 
Tables G.'1 alld G.5 show tlw list of illput awl output. parallwttTS of AS/nS,mc 
algoritlnIl. Table G.G shows a study case of AS/RS_lllC algorithm. Figure G.1 shows 
the illj)ut page of AS /n.S~lll(" nlgmitlllll awl Figurc 6.5 shows the ou t.pllt page of 
This algoritlnll caknlatps thc cxpected SYSt.Clll cycle tilllC, SV:-;(clll tlllollghp\l!., lift 
ntilizat.ioll, vehicle utilization and t.otal system cost for all AVS / H S. 
Conceptualization Tools for AVSR and ltSjR Syst'ems 






















Figure G.3. Output paramet.ers page of AS/RS_lll algorithm 
Table 6.4. Input pa.nullcters of AS IR.S_me aJgOl'ithm 
I uH The height of ea.c 
f---------_. 
The width of eac uL 
Vv Vehicle horiz 
VI Vehicle/lift v( 
Cost-Cranc Cost per crane in t1 
Cost-Cell Cost per rack cell in 
Tables G.7 anel G.S show the list of input and output Jlalalllct(~l'S of AVS/H.~Llll 
algoritlnll. Table G.D shows a case study using the AVS/RSm i'IJgOl'it111IL The hori-
zOlltal spep( 1 is the autollomous vehicle speed, and the vcrticaJ speed is the lift speed. 
37 
Table G.S. Output panlltlC't.ers of AS/nSlllc algoritlllll 
Table (i.G. A stndv case of llsillg the AS/TIS_lUI' algillitlllll 
--
ParalLl(~tcrs Valuc 
ns O. :) 










f-----.. - .. ---
VI 200 
CosL( ;nlllc :3S0 
Cost. Cell o.fj 
F'igmc G.G shovv's the illIlllt page of AVS/TIS_lll algOlitl1111. Figmc (i.7 shmvs the output 
This algoritlllll also calculates the CXl)(~dcd system cycle tiltH\ SYStClll througlllm!., 
lift utili:;:at.ioll, vehicle utili:;:at.ioll all( 1 t.ot al SySklll cost for all AVS / n8. The ollly 
diffcrcm:c bct,vc(,1l this algOli thm aud AVS /n.S_Lll algorithm is that the lltlllll wr of 
columlls is required instead of thc total storage space n~qujllnllcllt. 
Tables G.1O awl Ci.ll show the list of iuput awl output paralll(~t('rs of AVS/nS_lllC 
algoritlllll. Table G.12 shows a case study of llsillg the AVS / H S_lllC ,t.1gol'itlllIl. Figm(' 
(j.~ slj()'Ws the illput page of AVS In S_llIC algoritlllll. Figme (j. D shov/s the outvut ]lag(' 




Size of the Rack 
lI11i(' 
uL 




I, '"",tCdl c, ""'" ""'''''''''''---
Figmc (i,1. Illput jli\,l'Hmctc]'s page of ASjnS_lllc algOliUlIll 



















start a new pr~~.~~j , Download results Delete 
Figmc (i.5. Output parameters page of AS /R~·Llll(" algorithlll 
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Table G.? I11]111t paralllders of AVS/HSJIl (11f';OlitlUll 





cnival rate of storage reqllest (anivab ]lel" llliu11tC) 
niva1 rate of retrieval reqllcst (ani \7(11s pcr Ulillllt(~) 
T Total uUluber of tiers ill the warchonsc .. 
I 
A Total ll1Ulll)er of aisles ill the w,llebollsc 
._. __ .. 
Total ulUllbcr of vehicles 
--~ 





Total :-:toraf';c ~pac:e rcqllin'lllcllt I ]I 
ILDC 1 . .,r)\V(T boulld OJ I the total Ilmnbcr of rack collllllm: 
l {me { J pper bOlllld Oll the total llUmber of lack COlllIrtllS 
The lwif';ht of eac:ll stOIagt~ spac(~ 
, llD I The depth of each storage spac!' ~ 
I II \V Thc wid th of each storage space 1---- .. -f---.... ----.-----.... ----... ---- .. -----.-.-
L IlA TIlCwidth~~([.ch ai~1<2. __ ._ 
I11H 
I Vv Vehicle hori~outal speed 
I Vl Vehicle/lift vertical sp(~cd 
I CosL V Cost per vehicle iu thollsauds of <1011ms 
I CosLL Cost pel lift ill t hOllsallds of dollars 
I CosLCell Cost I)(~r rack cell ill tliousawl:-; of <1011<11's 








Total lllllllbcr of COhurlllS of tll 
.. ------,-----~.--
Lift 11 tili~atiOlI 
Average \vaitiuf'; time for all avai 
Vehicle lltili~atiou 
Expf;ded S)Tstelll cycle till 
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Figure (i,7, 01ltPllt parameters page of AVS/nS_lll alg(lritlllll 
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CHAPTER 7 
EXPERIMENTS AND DISCUSSION 
7.1. Comparison between l\1PA and simulation 
7.1.1. Experimental design 
In Ibis section, an inilial design is Clnalyzed first, and several design implOVeltleuts 
me proposed. Results of MPA are cOlnpared \vith those of simulatioll. 
Tahle 7.1 shows the operatiou SCqllC'IlCPS awl external arrival rates for uiue pro <1-
nets. SI l"cfcrf:i to the alltoIlOlllOllS vehicle in the receiving area, aud S2 is the (1.1l-
tOllOIIlOllS vehicle ill the shipping area. 8:1 is the lift in lift bank that can transport 
pallets bdweell diffcrent tiers. 8 4 , 8 5 and So are autonomons vehicles 011 the three 
storage tiers, and 8,. S~ awl 8!) are storage meas 011 the three tiers. The ulllnber 
'If vchir:lcs ,mel lifts can 1)1' modified to lllC'd the thwnghpnt and other PCrfOllllcUlC'C 
]"f'CjllirCnH'lltS, There (lrc three storage tier~ in thif:i f:iYStClll. llllt 1ll0l(~ tiPlS can 1)(~ 
ilddcd easily, 
Table 7.1, Operation scqucllces and external arrivall'atcs for llille products 
47 
T~lble 7.2 presents the operation time (to) for em:h operation, and the time unit is 
minute. Because S:l, 8 1 awl So, arc autonolllOUS vehicles on tht~ three tiers, the SIR 
tilnes are chtfenmt. Hmvever, assuming storage operation time is equal to retrieval 
operation time for every server is reasonable for the AVS/RS. 
Tr1ble 7.2. Product opera.tioll tiIlles 





f--?~+ 0.2 ().;3 ! 0.1 /0.1 0.3/0.3 
--
I 
: P2 i 0.2 0.2 0.1/0.1 (U/O.3 ! 
I P.l I 0.2 0.2 0.1/0.1 . 0.3/0.3 
I Pi 0.2 0.2 0.1/0.1 0.3/0.3 I 
I 
I r\ i 0.2 0.2 D.1/0.l (1.:3/0.31 I 
Pr; 0.2 0.2 0.1/0.1 0.3/0.3 
P7 
1
0.2 0.2 0.1/0.1 0.3/0.3 
I I Ps 0.2 0.1/0.1 
--
i 0.2 0.3/0.3: _ _ --' 
--
Pq 0.2 0.2 D.1/0.1 0.3/0.3 
7.1.2. Experimental results and discussion 
Different designs alld remits are pre:oented lH~xr. 
Scenario 1 \1nitial Design): 
Three tvpes of products <.l.re stored in three different tiers \vitll arrival rate 0.2 
transactions per millute. The llUlllber of each type of server is one. Table 7.3 shows 
results of queue lellgths in front of the servers, llumber of customers waiting and being 
]lrocesst~d at the servers, ami the utilization of servers for sccllario l. 
5' 
:\IPA 
,< .. / I 0.010 
.S'2 0.015 
I s, I (l.;](i2 
: Sf; i 0'()09 
I 
8 1 10.02G 
I S'I ().O~)8 
Table 7.:). Results for scenario 1 
L(I 
i 
L I e I 
i 
I 
Sillm Diff MPA Sium Diff I ~IPA 
0.07:-5 0.486 0.2:-50 0.31G O.lB I 0.210 
0.031 0.11% 0.175 0.188 0.066 I O.lGO 
0.691 O.96L11 0.54G 0.[,)63 0.033 0.520 
o.m~:-5 O.5G7 . 0.278 lU3:) CUM 0.240 
O.CiTl 0.4Ci3 I 0.922 1.2:3<1 0.252 0.559 











The utilization of servers in the initial design if-> low, which menus the material 
handling system capacity is not utili;:;ed adequately. In scenario 2. the arrival rates 
is increased to tef->t if the utilization can be improved. The 111lluber of product t.ypes 
is ~till kept. at three awl t.he 111Ullber of each type of f->crvcr rCllmillS at Olle, while the 
anival ratcs of products arc higher (0.5 transactiems per lllinut.e). Table 7.1 shows 
Jeslllts for sc:eua.rio 2. 
Table 7.,1. Result.s for f->cenario 2 
,-'-
Lq I L U I 
I 5 
tilizat.ion I 
I\IPA Silllu Diff MPA SilllU Diff !\IPA Silllu Diff 
51 0.305 O.30!1 0.005 CUS15 0.8 /11 O.OOG 0,450 0.44'7 (J.007 
82 o.no O.lS:3 O.lS} 0.d30 OA51 O.(H6 0.300 
8;1 lCU6 D,lGG (lO95 11.26 10.36 0.0871 0.900 
Sf1 0.006 0.077 0.072 1.506 1.572 0.042 0.600 
51:) 1.6t14 L17;3 0.107 2.344 2.066 0.134Io.7()O 
c..'~~lo.144 0.158 0.090 0.444 (lAS() 0.028 (UOO 
0.298 (). (J08 





13v chccking result.s of scellario 2, it is found that the utilization of lift is 901/('1, 
which lllay impact the robustness of t.he syst.em. One f->olution is t.o im:l'easc the 
1l11111bcr of lift.s to decrease t.he chance of blocking ill t.he lift ba.uk nnd illlProve system 
pcrfonnallCC. The 1l1lrnhm' of lifts illcrcascs from olle IO two. Table 7.5 shows rps\llt.s 




8] 0.3% 0.386 
SL 0.130 () .1:36 
8 1 0.292 0.292 
8 j ().D06 0.89:3 
i S' 1.6H 1.5S4 I k !) 
I-S, O.lt14 0.142 
T}lblc 7.5. Rc~mlts for scenario :3 
L 1.] 
Diff MPA Simll Diff I\IPA 
0'()25 0.845 0.8:35 0.012 0.450 
0.013 0,1130 0.4:35 (J.(1l2i 0.300 
0.000 1.192 1.103 (l.OOO . OAc)O 
(1.014! 1.506 1.'EH 0.010 I 0.600 
(l.O58 2.344 2.2/15 0.(142 I 0.70() 






0.695 O.OOG 'I 
0.300 0.000 I 
Scenario 1: 
Results of sccnario :~ indicate that this syst.em can handle lIlOl"(' products \vit.h 
higher arrival ratcs by illCTc(l.fling the lllUubcr of servers. In this illlProved desigll, 
pmdllct tvpes arc iucreascd to uillc. aIHl otlwr parallleters are tllc sallle as scelLario 
:;. Table 7.b shows l'CSllltS of scellario!. 





ti Ii l:atiOll 
l\IPA Simn DiH" MPA SilllU Diff l\lPA SilllU Diir 
--- . 
S't 13.100 7.<J8G O.OH <J.OOO 13.8135 0.01:3 O. <JOO O.i3~ID O.OOl 
S~2 18.G2 14.70 O.2GG 1<J.57 15.G4 O.2S1 O. D50 ().~HO O.tl1 () 
S:l 0.2:3:3 0.2213 O'(l20 1.1:33 1.125 0.007 0.450 o .1~i3 o.om 
,"'1 8.150 8.Gll 0.05/1 9.050 9.513 0.019 O. <JOO ().8~m 0.001 
1'11." 8.1 GO (Ull1 ().OD5 9.0GO D.DIG (). 013 7 i O. gOO ().!)( Iil O.O()t1 
S'j 
( I 8. ISO 7.:~D2 0.102 D.OGO 8.283 o.mn! O.DO() O.8~1() O.U01 
Scellario 5: 
Frolll the rcsnlt.s of sCCllctrio 4, it is Cd::iY to find that the' arrival ra1,("s arc too 
high. which leads to a high utilization of flcrvcrs. The arrival rates of pmclnct.s call 
be decreased to OA tr<lmmctions pcr lllinute. alJ(l then a reasollable utilizatioll of 
ell! s(,rvers is found ullder this new S}"sj(:m configuratioll. T,lble: 7.7 shows n:sll1ts of 
sCC'Hari () ~). 




I T Ii liz" :,i01> Di ffJ S 
MPA Sinm Simll Diff 1\IPA Silllll Diff 
81 1.851 1.8/12 ().OO5 2.Ei71 2.EiG2 o.om 0.720 o.no 0.000 i 
8'2 2.182 2.4m 0.03:3 3.2/12 3.1G2 0.026 O.7GO (l.7:) 7 (). om 
8, 11880 1X)4 0.028 I 2.GOG 2.~i51 0.021 0.720 O.71H (). om 
I S'I 1.8(~:3 1.8d () 0.013 I 2.5H:3 2}iGO 0.00<) ().720 O. no (). (J()() 
! : L8b3 1.82;) 0.022 I 2.EiH:3 2.EdO (Ull 7 . 0.720 o.no f).OOl i 
i " I , >;('" 1.88!1 lUlU I 2.5K>\ 2.G 12 0.011 i 0.720 ().72;3 (l.()()4 i L~~~ i.l ),) I ~
SCI'Harjo 6: 
GO 
Often, t he external product arrival ratC::l can not be cont]'()llcd. In order to ex-
plOl'C tllC optimal COllfiglll'iltion of a syst(~m wit.h higher arrival rates, this experiment 
increases t.he ani val rates of prod uct::l all< 1 cliallges the number of servers. The arriva.l 
l'at.es of pl'Odncts nre set. to 0.9 transactions pel' minute, which arc rdativdy high 
cOlllpared to the initial design. Keeping the lllunbcr of each t.ype of scrver to tvvo is 
an ideal cOlliignrat.iOll ullder this situat.iun. Table 7.::-5 shows rcsnlts of sccll(l.rio G. 
Table 7.8. Results for scenario G 
L'I L Utilization 
S 
l\IPA Sium Difl' l\lPA Simu Difl' l\IPA Sinm Din 
Sl 2.844 2.8Gl O.OOG !1.iidtl 4.464 0.004 0.800 0.802 0.002 
8'2 4.3fil 4.:364 0.003 G,Cl41 6.057 
1 
0.003 1 0.8/15 0.8 /16 O.Olll 
S' ') 8<)t:: 2.~74 (JO()I}1~5 1[.;178 O.O(H I 0.800 0.802 (l.(lO21 ~-;) I ...... ( ~ d 
.,)'1 ! :3.109 2.!l71 lJ.04() 4.720 11.592 O.U:30 I 0.810 0.810 (l.OO() . 
S'" ~U()9 :).287 0.054 4.729 1.915 (UJ:38 i 0.810 0.811 0. 005 1 
S'(; 2.·1:3x 2.160 (l.OO!) 4.000 4.025 0.007 ! 0.780 0.78:3 O.O(H 
Figures 7.1 to 7.G present. the cOlnparison of queuc lcngth awl utilizatioll l)(~t\Veell 
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Fi~lll'C 7. L La aud utilil:(1tioll of servers ill sce1l(ll'io 1 
Experilllellt.al results illdicate t.lmt the accuracy of ?lIPA dCC:j'(~(\H(-~S when reSOUl'ce 
utilizatioll i;..; very low ('.g .. less thall 60%) or very high (> \)0(X1). Because syst.elll 
dcsigllcrs do llOt desi~ll systellls ill these ut.ilizatioll rallges, MPA is a vcry valuable 
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Figure 7.2. j,,, alld utilizatioll of S(TV(TS ill scenario :2 
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Figmc 7.'1. L" alld nt.iliz(-)Jioll of servers ill scclJario /1 
7.2. Comparison between MPA and the conceptualization tools 
7.2.1. Experimental design 
:\lalmborg [:2002] presellted a collcept1lalizatioll tool for AVS/HS. This tool (~stahlislws 

















Figure 7.;). L" and utilization of servers in scenario 5 
SCell.lIioG SCeillilioG 
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Figmc 7.G. L" and utilization of servers in scellario () 
oMPA 
[l5imu 
and tied size to cstilIlct.tc system performances. The default s.rstelll configuration of 
thi:-; tool is ticr-to-ticl'. It is valuahle to make a comparisc)ll hctw(~(~n this (,(Jllfignration 
cUld the tier-captive c:onfiguraticlll by MP k 
Two kinds of cOlllparison ha\'(~ been ('(mdllcted. The first Olle is using the S(\111(: set 
of input parameters for J\IPA awl the analyticalmoclcl of ::'vlahllborg [2002] to lIlake a 
cUlnparison. Another comparison is based Ull (1 different line of thought: what clt:signs 
11]]( leI' the two confignrations would producc the saIlle system pcrfol'ln<1.ncc. 
As mpntiOlwd, the analytical model of Malmborg [2002] uses some system at-
trilmtes such as rack cOllfiguratioll and fleet size to IlIc)(lcl the AVS/RS. However, 
J\IPA llSPS process t iltlcs to establish the model of AVS IRS. 13ef()n~ the cOlnpa.risoll, 
:)3 
t.he COllllcction hctv./een these tvvo tools nC'eds to he established. Table 7.0 lists all 
input pmmueters of the analytical model of I\lahnborg [2002]. 
Table 7.D. Panl.lneters of the Clllalyticallllodcl of :VIahuborg [2002] 
I Panundcrs I . l\lc<lning i 
i As I Arrival rate of storage rcquest with ullit of miIlute I 
i A,! I Arrival rate of retrieval request with unit of lllillUttJ 
J I T TotalnUlnber of tiers of the wa.rehouse rack I 
Jllse rack l 
~ IS 
I A. Total nlUuber of aisles of the wa.relH 
--~~--v---
Totdl mimber of vehicles 
L Total lllunber of lifts 
/I Total space requiremcnt 
C Total ulllnber of rack COIUllll 
u" The height per unit cell of the 
Ud J The depth per unit cell 
rack ==j 
ack i of tlw I 
1LII' I The width per unit cell of the rack 
-~~~-----.---
'/La The vvidth per aisle 
vr" vcliidl-;-fIOli~(mtal SI)ee(l 
v~ Vehide/lift vertical speed 
C'osLv7 Cost per vehicle with uuit of $ 
CosLL Cost per lift with unit of $10 




The warehouse size call be calculated as follmvs: 
- Total width of the \varchousc 
/I. 
li'w . C' = u.". . , A. 
2· T· 
- Ibtal height of the warehouse 
'11/,' T 
- 1()ta] dept.h of the warehouse 




Thc~ lift process time f()] the tth tic]' call he calculated as: 
(t - 1) . U" 
t = () VI 
Tlw vehicle process time call hc~ estilllated as: 
:3 '/1 II' . C + (:2 . lid +11 (J) . (A - 1) t = --------~---.~-----.---
() t7" 




7.2.2. Experimental results and discussion 
(7.:1) 
'70:) \ I.d 
(7.G) 
A stwly case has beell designed to lIlCl1\J~ the cOlIlparisclll. The input panunei.crs are 
listed in Tables 7.10 allel 7.11. 






III the t ier-\0-1.1(,1 c:nnngmaLioll, fonr vehicles can visit anv tier. .Malmborg i:2()O:2] 
ilUalytical model call he llsed to Illodel this system configuratioll. However, ill the 
t 1c':1'-(:(11)( i\'c conngnI"cl ['io11, every vchid(~ can travel only on Olle tier. This syst.em 
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,ier 2) b"'.' (L~Jt t t" (Lltt t to (Lift t ier 3) 
ier 4) UCJ (Lij~t t 
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C(mfigmatic)J] is lllodeled by l\IPA. Thif: diffen~nce of systelll configuratioll leads t.o 
different. utilizat.iun. Four cliftercnt inpnts and outpnts nnder (.wo system configura-
tions (lrc pre,cntcd ill Table 7.12. 
Table 7.12. Comparison of outputs 
I ~ I L=IIL=IIL=2 L=2 Tool C tilizatic)ll . iii:- r U/ i ~).~41 ! \~).~!1~ i ~).;:341 ~).;:3 8~1 
I COllccptnahz(ttion tools rl 
l
U" 0.81 rUg 0.51 0.27 
[;/ 0.:37 0.:37 0.10 0.185 I 
L I\[PA .~ __ .~ ____ ~ U, 0.00 (JA5 (l.OO 0.115 
FlOln experimental results ShOWll in Table 7.12, Olle COlllmOll feature of tiCl'-to-
tiel' and t.icl-cctpt.ivc sysh~lll ('onfigmat.iolls GUt lw secn. Ttl(' ntitizatioll of lifts is 
dependent npon the vehicle utilization anel other system cLttrilmtcs when vellidcs 
performance is mailltaineel to be the same. The utilization of lifts depellds 011 tlH~ lift 
pcrfnnnancc snch as the speed. and other fcH:torS including fieet size. ani val rates of 
S IH n~qncsts. 
The cliffcn,n('(~ ill the ntilization of vehicles is listed in Table 7.12. The Iltilizatioll 
of vehicles depeuds 011 thc utilizatioll of lifts in the ticr-to-tier S)TstClll. 
The opposite experiment is to dctel'lllinp what designs llmlcr two configuratiolls 
lead to the same SystClll perforlllallce. Table 7.13 presents the experimelltal results. 
56 
Tabh~ 7.1:3. COlllparisoll of illPllt,S 
From Tabl(~ 7.13, tiel"-io-ticr AVS/RS uses lllore lifts to achieve tlH' S<1n1(' lltiliza-
lioll as ti(~l-("aptive AVS/RS. This S\lgge:~ts thai tier-captive AVS/nS call utilize lifts 
hetter. Oll tht~ other hand, tier-captive AVS/RS needs mon~ vehicles to achieve the 
same 'i)'StClll perionu<1nce as the tier-to-ricr AVS/nS. Oue possihle reasou is vehicles 
('(Ill ollly travel Oil designed tiCl~" Wllich lllay illcrcase the idle time of vchicles. TIJis 




Avs/ns, as a rclatively Ilew antollolllOllS warchollsc S/R t.edlllology is present.ed 
III this thesis. Two «()llfigmatiolls of AVS /n S arc p()ssible: ticr- to- ticr alJd t.iCl-
(·il.ptiVC. Tlw C011 figuration witll tier capti V<' whic!cs is st.lldi(~cl iu this thesis. I t. is 
cOlllpared vvith tlw traditional craue-lmscd AS/RS tcdmology, awl SOUlC advallt.ag(~s 
of AVS/nS arc preseuteel. Tlwle alC UlaHY ways to i-lllitlyZC the AVS/RS. \Ve llscd the 
OqN lllcthod. J\IPA, a tool for cvalllatillg OQNs, was choseu to c:)t.imatc pcrfonrmuce 
lllC<tSlllCS or AVS /R S. Several scellarios wcn~ desigucd to verify t lre acclllacy of ]\ifPA 
ill (~vitlllatiug AVS/nS. COlllparisou witll il SiUlllliltioll model shows t.hat l\lPA is adc-
<jllatc to lllodd the AVS Ins WhCll utilizatiou is bdwet~u GO <11Id 1-)S PCH'Cllt. Tlm,;(:wl, 
t.he AVS/RS with tiel"-to-ticr vehicles is 1101. sllitable to usc OQ~\j to analyze systcm 
l)(~rf()l"llla11("c, which lllay bc solved bv auother type of qllCllillg 11dwork, SOQ~. TI1C1C 
is a bmad s("opc for illlj>l"OVelllcut ill this alea. The comparisoll bdwcclJ ]\i[PA alld au-
other perfOlllli\.uC(~ allidyzer of AVS/RS, iwlicatcs the COlIllllOll and different fCi1.tlll"CS 
()f 1.icl"-(';)ptivc alld tiCl"-to-tiCl AVS/nS. 
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